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ABSTRACT
Diversity of satellite-ring systems is seen in the solar system. However, our under-
standing on the basic physics as well as on the dynamical process to birth such
diversity are not well understood. In this work, using numerical simulations and an-
alytical approaches, we investigate the dynamical evolution of ring-satellite systems
in both large (ring-size) and small (inside ring) scale. We also tackle the origin of
rings around the giant planets: Saturn, Uranus and Neptune and the minor planet
Centaur. This work consists of ve dierent topics. First, we investigate the ac-
cretion eciency of aggregates in the tidal regime where satellite accretion takes
place and show the signicant dierence from that in free space where plantesimal
accretion takes place (Chapter 2). Second, we investigate the dynamical evolution of
ring/disk initially conned within planet's Roche limit. We nd that the ring/disk
spread outside the Roche limit and form satellites in a way that disks with smaller
initial mass compared to the mass of the planet produces smaller but larger number
of satellites (Chapter 3). This results imply that the diversity of satellite systems
can be formed from the disks with dierent initial masses. Third, we investigate
the outcome of collision between formed satellites just outside the Roche limit. We
nd that when the satellite has a denser core or a larger particle inside, the outcome
is a partial disruption and naturally form a narrow ring and shepherding satellites
such as Saturn's F ring and its shepherds (Chapter 4). However, all of these re-
sults come from the initial condition that assumes the existence of ancient massive
rings inside planet's Roche limit. Thus, fourth, we develop and show new scenario
to form such rings around giant planets by tidal disruption of a big dierentiated
Kuiper Belt object during the close encounter with a giant planet at the time of Late
Heavy Bomberdment (Chapter 5). Lastly, motivated by the recent ndings of the
existence of rings around the Centaurs, we investigate their origin by using numerical
simulations. By the denition of the Centaur, they cross the orbits of giant planets
during their lifetime. Then, we nd that during the close encounter with a giant
i
planet, the object can be partially disrupted and the debris is distributed around the
largest remnant, forming a ring (Chapter 6). Thus, the formation of ring around the
Centaur is a natural outcome.
ii
ACKNOWLEDGMENT
I am extremely grateful to my supervisors Professor Keiji Ohtsuki and Professor
Sebastien Charnoz for their continuous encouragement and comments throughout
this study. I also would like to thank Assosiate Professor Hidenori Genda and Dr.
Takaaki Takeda for the collaborations. I express my thanks to Associate Professor
Hiroshi Daisaka for his kindly providing and maintaining GRAPE systems. I also
thank Professor Yuri Aikawa, Professor Masahiko Arakawa and Associate Profes-
sor Akiko Nakamura for discussions. I'm also grateful to Professor Shigeru Ida for
discussions and supports.
iii
Contents
1 Introduction 1
2 Collisional Disruption of Gravitational Aggregates in the Tidal En-
vironment 1 5
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Accretion Criteria and Impact Velocity in the Roche Zone . . . . . . 8
2.2.1 Accretion Criteria in the Roche Zone . . . . . . . . . . . . . . 8
2.2.2 Impact Velocity . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3 Numerical Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.4 Results of Impact Simulation . . . . . . . . . . . . . . . . . . . . . . 17
2.4.1 Collisional Disruption in the Strong Tidal Environment . . . . 17
2.4.2 Dependence on the Radial Distance from the Planet . . . . . . 26
2.4.3 Dependence on Restitution Coecient . . . . . . . . . . . . . 33
2.5 Criteria for Catastrophic Disruption . . . . . . . . . . . . . . . . . . . 34
2.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3 Formation of Multiple-Satellite Systems From Low-Mass Circum-
planetary Particle Disks 2 41
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
1The content of this chapter is an author-created, un-copyedited version of an article published in The Astrophysi-
cal Journal. IOP Publishing Ltd is not responsible for any errors or omissions in this version of the manuscript or any
version derived from it. The Version of Record is available online at http://iopscience.iop.org/article/10.1088/0004-
637X/787/1/56
2The content of this chapter is an author-created, un-copyedited version of an article published in The Astrophysi-
cal Journal. IOP Publishing Ltd is not responsible for any errors or omissions in this version of the manuscript or any
version derived from it. The Version of Record is available online at http://iopscience.iop.org/article/10.1088/0004-
637X/799/1/40/meta
iv
3.2 The Model and Numerical Methods . . . . . . . . . . . . . . . . . . . 45
3.2.1 Initial Conditions . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.2.2 Numerical Methods . . . . . . . . . . . . . . . . . . . . . . . . 47
3.3 Formation of Single-Satellite Systems from Massive Disks . . . . . . . 49
3.4 Formation of Multiple-Satellite Systems . . . . . . . . . . . . . . . . . 56
3.4.1 Formation of the Second Satellite . . . . . . . . . . . . . . . . 56
3.4.2 Orbital Evolution of the First and Second Satellites . . . . . . 60
3.5 Dependence on the Mass and Angular Momentum of the Initial Disk 65
3.5.1 Disk Evolution and Formation of the First Satellite . . . . . . 65
3.5.2 Mass of the First Satellite . . . . . . . . . . . . . . . . . . . . 66
3.5.3 Formation of the Second Satellite . . . . . . . . . . . . . . . . 72
3.5.4 Mass of the Second Satellite . . . . . . . . . . . . . . . . . . . 77
3.5.5 On the Diversity in Final Outcomes . . . . . . . . . . . . . . . 78
3.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
4 Saturn's F Ring and Shepherd Satellites as a Natural Outcome of
Satellite System Formation 3 86
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
4.2 Numerical Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
4.4 Discussions & Conclusions . . . . . . . . . . . . . . . . . . . . . . . . 90
4.5 Details of Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
Supplementary Information 98
S4.1 Orbital Elements of Remnant Satellites . . . . . . . . . . . . . . . . . 98
S4.2 Orbital Elements of Ejected Particles . . . . . . . . . . . . . . . . . . 99
S4.3 Hill Radius and Velocity in Physical Units . . . . . . . . . . . . . . . 101
S4.4 Complete Disruption of Homogeneous Rubble-Pile Satellites . . . . . 102
3The content of this chapter is an author-created, un-copyedited version of an article published in Na-
ture Geoscience. Nature Publishing Group is not responsible for any errors or omissions in this ver-
sion of the manuscript or any version derived from it. The Version of Record is available online at
http://www.nature.com/ngeo/journal/v8/n9/full/ngeo2508.html
v
S4.5 Long-Term Evolution of the System . . . . . . . . . . . . . . . . . . . 103
5 Ring Formation around Giant Planets by Tidal Disruption of a Sin-
gle Passing Large Kuiper Belt Object 112
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
5.2 Physical Argument . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
5.2.1 Previous Analytical Model . . . . . . . . . . . . . . . . . . . . 115
5.2.2 Semi-Analytical Model: Eects of Spin and Self-gravity . . . . 116
5.3 SPH Methods and Models . . . . . . . . . . . . . . . . . . . . . . . . 120
5.4 Numerical Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
5.4.1 Case of Homogeneous Body . . . . . . . . . . . . . . . . . . . 122
5.4.2 Captured Mass Around Giant Planets . . . . . . . . . . . . . 126
5.4.3 Orbits of Captured Fragments and Resulting Ring Mass . . . 132
5.5 Long-term Evolution of the Captured Fragments . . . . . . . . . . . . 139
5.5.1 N-body Methods and Initial Conditions . . . . . . . . . . . . . 140
5.5.2 Tidal Destruction of Capture Fragments . . . . . . . . . . . . 141
5.5.3 Precession of Captured Particles . . . . . . . . . . . . . . . . . 142
5.5.4 Long-term Collisional Evolution . . . . . . . . . . . . . . . . . 143
5.6 Discussions & Conclusions . . . . . . . . . . . . . . . . . . . . . . . . 146
5.7 Appendix: Number density of particles . . . . . . . . . . . . . . . . . 150
6 Formation of Diverse Ring-satellite Systems around Centaurs through
Tidal Disruption at Close Encounters with Giant Planet 152
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
6.2 Encounter States . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
6.2.1 Encounter Velocity . . . . . . . . . . . . . . . . . . . . . . . . 153
6.2.2 Probability of Encounter with Giant Planets . . . . . . . . . . 154
6.3 Numerical Methods and Models . . . . . . . . . . . . . . . . . . . . . 155
6.4 Ring-satellite Formation during Extreme Close Encounters . . . . . . 157
6.5 Discussions & Conclusions . . . . . . . . . . . . . . . . . . . . . . . . 159
vi
7 Summary 164
Bibliography 169
vii
Chapter 1
Introduction
Through the solar system, we can nd diversity of ring or(and) satellite systems.
They are thought to be formed during the formation and evolution of the solar
system. Since it is still not clear how our planetary system is formed, revealing
the origin and dynamical evolution of ring-satellite systems will give us a clue to
understand the evolution of whole our solar system. In the solar system, most of the
planets have satellite systems around them. In systems with a single satellite such as
Earth-Moon system, satellite mass is relatively high compared to the host planet's
mass (1% of the Earth mass). On the other hand, giant planets such as Jupiter,
Saturn have multiple-satellite systems. Generally, their inner major satellites called
regular satellites exist outside their Roche limit with relatively small mass ratio to
the host planet (less than 0.01% of mass of giant planets). Those inner satellites
are on nearly circular prograde orbits with low inclination. Interestingly, not only
satellite systems have diversity on the radial directions as mentioned above but also
on the azimuthal directions. For example, some of Saturnian satellites have co-
orbital and Trojan satellites. Moreover, it is suggested that the Moon used to have
a companion but later they experienced mutual collision, resulting in the formation
of the highlands of the Moon (Jutzi & Asphaug, 2011).
In the view of astrobiology, satellites are critical to bring a stability for our current
life. For example, without the Moon, the Earth's spin axis is not stable around
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current value of 23.3, but chaotically change between 0 to 85 (Laskar et al., 1993).
Thus, the existence of the Moon prevents the Earth to suer from a dramatic change
in climate, such as frequent ice ages. In addition, recent observations as well as
spacecraft missions reveal the existence of the subsurface oceans inside icy moons
such as Europa (e.g. Kivelson et al., 2000). These new ndings suggest the possible
habitability to chemosynthetic life outside the Earth, and thus challenging to nd an
exo-moon is also an ongoing NASA's project (Kipping et al., 2012, 2013a,b).
The origin of satellite is divided into mainly two distinct mechanisms: giant im-
pact scenario and gravitational capture scenario. Generally, giant impact scenario is
favored for the case of inner regular satellite(s) whose orbit(s) is on nearly circular
prograde orbit and on an equatorial plain (Ida et al., 1997; Kokubo et al., 2000;
Hyodo et al., 2015). On the other hand, gravitational capture scenario is suited to
explain the random orbital conguration of irregular satellites around giant planets
(Tsiganis et al., 2005; Gomes et al., 2005; Morbidelli et al., 2005). In the giant im-
pact scenario, debris disks are formed around the planet. Then, the disk is expected
to radially spread (Takeda, 2002). Direct N-body simulations have been performed
in the case of relatively massive disks compared to the mass of the host planet to
explain the accretion of the Moon (Ida et al., 1997; Kokubo et al., 2000). On the
other hand, 1-dimensional hydrodynamic simulations have been performed for less
massive disks to explain the origin of multiple-satellite systems around giant planets
(Charnoz et al., 2010; Crida & Charnoz, 2012). However, direct N-body simulations
are not yet performed for the case of such less massive disks and thus are required to
fully understand the dynamics of such light disk evolution as well as to understand
the observed 3-dimensional conguration such as the existence of co-orbital satel-
lites. Thus, in the present work, we perform direct N-body simulations of particle
disks to see how their dynamical evolution changes as the initial disk mass decreases
(Chapter 3).
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The ring system is also diverse. Saturn's main rings are massive and made of 90-
95% of water ice with mass  1019 kg (Charnoz et al., 2009). In contrast, main rings
of Uranus and Neptune are dark and likely to have higher rock fraction (Tiscareno
et al., 2013). Not that, in this work, main ring is dened as a broad ring that locates
within the Roche limit of the central giant planets. In addition, Saturn and Uranus
have also narrow rings just outside their Roche limits. They are shepherded both
sides by small moons called shepherding satellites. However, the origin of such ring
systems is still unsolved question.
The radial location of narrow rings and their shepherding satellites is very unique
in terms of their dynamics: "tidal regime" which is just outside the Roche limit. In
such place, physical size of the objects is comparable to their gravitational spheres
of inuence (Hill sphere). Therefore, the dynamical outcome, such as collisional
accretion or destruction, is expected to be signicantly dierent from those in "free
space" where only two bodies are considered. However, there are only few papers
studying the basic dynamics in the tidal regime are published and the dynamical
process and the eciency of accretion/destruction of collision between aggregates
in the tidal regime are still unclear. Understanding such basic processes is a key
to show their ongoing dynamical evolutions as well as their origin. Using N-body
simulations, we, for the rst time, investigate the detail collisional outcome between
aggregates that are formed as the disk/ring spread outside the Roche limit and show
their accretion/destruction eciency at dierent radial locations (just outside the
Roche limit), impact velocities and impact angles (Chapter 2). Then, using N-body
simulations, we show that the collisional destruction can naturally explain the origin
of the observed narrow rings and their shepherding satellites around Saturn and
Uranus (Chapter 4).
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So far, we have assumed the existence of main rings around giant planets and
discussed the evolution of main rings and successive satellite accretion outside the
Roche limit (Chapter 3), and also the outcome of collision between formed satel-
lites/aggregates (Chapter 2 and 4). Thus, new question arises - at the rst place,
how and when the main rings around giant planets are formed. In this work, using
dierent numerical simulations, we propose/develop and show new models to form
main rings around giant planets at the time of Late Heavy Bombardment through
the tidal disruption of a passing large dierentiated object coming from the primor-
dial Kuiper belt (Chapter 5).
Recent observations reveal that not only around giant planets but also around
minor planet Centaurs (100 km sized objects) have rings (Braga-Ribas et al., 2014;
Ortiz et al., 2015; Ruprecht et al., 2015). Such ringed objects are not expected until
they are observed. On the other hand, other minor planets, for example, asteroids
are not reported to have rings around them. Therefore, these discoveries ask us their
dynamical origin as well as their non-ubiquity to the distance from the Sun. Here, I
propose that during Centaur's dynamical lifetime, close encounters, as their denition
that Centaur is the object that cross or have crossed orbits of giant planet(s), are
responsible for the formation of rings around them. We perform SPH simulations
and show that tidal disruption of a Centaur during its close encounter with one of
giant plant can naturally form rings around them (Chapter 6).
4
Chapter 2
Collisional Disruption of
Gravitational Aggregates in the
Tidal Environment 1
2.1 Introduction
In dynamical evolution of ring-satellite systems of giant planets, collisions under
the inuence of the planet's tidal force play an essential role. At radial locations
suciently interior to the Roche limit, the tidal force prevents colliding particles
from becoming gravitationally bound aggregates. However, with increasing distance
from the central planet, small particles can become gravitationally bound to larger
particles (Weidenschilling et al., 1984; Ohtsuki, 1993; Canup & Esposito, 1995; Kar-
jalainen & Salo, 2004; Karjalainen, 2007; Tiscareno et al., 2013; Ohtsuki et al., 2013).
Observations of small satellites near the outer edge of Saturn's A ring by the Cassini
spacecraft suggest such gravitational accretion of ring particles in the Roche zone
(Porco et al., 2007). The eect of the tidal force becomes negligible far outside the
Roche limit, and particles with arbitrary mass ratios are able to form gravitational
aggregates. On the other hand, collisions between particles or aggregates in the tidal
environment lead not only to accretion but also to disruption. For example, tran-
sient brightening events in Saturn's F ring were reported based on detailed analysis of
1The content of this chapter is an author-created, un-copyedited version of an article published in The Astrophysi-
cal Journal. IOP Publishing Ltd is not responsible for any errors or omissions in this version of the manuscript or any
version derived from it. The Version of Record is available online at http://iopscience.iop.org/article/10.1088/0004-
637X/787/1/56
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Voyager images (Showalter, 1998), and collision between embedded bodies has been
proposed as the cause of these events (Barbara & Esposito, 2002). More recently,
small protrusions from the core of the F ring, called 'mini-jets', have been observed by
Cassini, and they are regarded as showing low-velocity collisions within the ring (At-
tree et al., 2012). Disruptional processes of planetary bodies have been extensively
studied in the contexts of planetary accretion or asteroid dynamics (e.g., Stewart
& Leinhardt, 2009; Leinhardt & Stewart, 2012, and references therein). However,
since the eect of the tidal force is not taken into account in these works, we cannot
directly apply results of these studies to ring-satellite systems. In the present work,
we will investigate criteria for collisional disruption in the Roche zone.
In theoretical studies of ring dynamics, it is often assumed that ring particles are
inelastic hard spheres. However, it is likely that they are weakly bound gravitational
aggregates consisting of smaller particles. At radial locations suciently inside the
Roche limit, gravitational accretion of particles does not take place (Ohtsuki et al.,
2013). When an aggregate is placed just inside the Roche limit in a synchronous
state, tidal disruption occurs and particles are released through the vicinity of the
lowest potential points, i.e., the Lagrange points (Leinhardt et al., 2012). On the
other hand, at radial locations far outside the Roche limit, particles can form gravi-
tational aggregates (Karjalainen & Salo, 2004). At the radial location of the F ring,
which is barely outside the Roche limit, even though gravitational aggregates are
formed, the size of a stable aggregate itself and that of its Hill sphere are compara-
ble. As a result, even slight deformation from its stable shape due to collision with
other particles or aggregates would lead some particles to become gravitationally
unbound, which would then result in total disruption of the aggregate. Therefore,
it is likely that even stable aggregates are vulnerable to collisional disruption in the
Roche zone.
Aggregate collisions in free space have been studied in detail in the contexts of
asteroid or planetesimal dynamics (Leinhardt et al., 2000; Leinhardt & Richardson,
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2002; Takeda & Ohtsuki, 2007, 2009; Stewart & Leinhardt, 2009; Leinhardt & Stew-
art, 2012). On the other hand, Walsh & Richardson (2003) rst examined collisions
between gravitational aggregates in the tidal environment. They conducted N-body
simulations of collisions between gravitational aggregates in a strong tidal eld cor-
responding to Saturn's F ring. Their results show that collision outcomes in such a
case strongly depend on impact speed and coecient of restitution. However, they
focused on the case of the F ring, and did not study the dependence of collision out-
comes on radial distance from the planet. Moreover, they assumed that the initial
shape of colliding aggregates was spherical, neglecting deformation due to the tidal
force. In fact, Karjalainen (2007) performed similar impact simulations in the tidal
environment, taking into account the elongated shape of aggregates, and found that
more elongated aggregates are more prone to be destroyed. He performed local N-
body simulations of collisions between gravitational aggregates in the Roche zone for
a wide range of parameters, and showed that the accretion probability increases with
increasing distance from the planet. In the case of collisions at the radial location of
the F ring, he also examined the dependence of the outcome on the impactor-target
mass ratio, and conrmed that colliding aggregates that greatly dier in mass can
more easily accrete (Ohtsuki, 1993; Canup & Esposito, 1995), and that the accretion
eciency is higher than the results obtained by three-body calculations that assume
ring particles are hard spheres (Ohtsuki, 1993). However, calculations reported in
Karjalainen (2007) were limited to the case with initially coplanar circular orbits.
Actual aggregates in ring-satellite systems are expected to have nite orbital eccen-
tricities and inclinations due to collision and/or gravitational interaction with other
ring particles/aggregates or satellites, especially in the F ring perturbed by the shep-
herding satellites. When aggregates have eccentricities or inclinations, their impact
velocities as well as impact angles are expected to dier from those of initially copla-
nar circular orbits, thus collision outcomes would also be dierent.
Recent Cassini images of the F ring imply that perturbations by the shepherding
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satellites likely assist the ring particles' gravitational instability and formation of
gravitational clumps, while these aggregates can also be disrupted by collisions, as
mentioned above (Beurle et al., 2010; Attree et al., 2012). In order to understand the
criteria and eciency of accretion and disruption of these gravitational aggregates,
we need to investigate the process of collisional disruption in the tidal eld in detail.
Aggregate collisions in the Roche zone would also be a key to understand the pro-
cess of satellite formation from circumplanetary particle disks (Charnoz et al., 2010;
Crida & Charnoz, 2012).
In the present work, we investigate the process of collisional disruption of gravi-
tational aggregates in the tidal eld using local N-body simulations. Especially, we
focus on the Saturnian system and investigate the dependence of collision outcomes
on impact velocity, direction of impact, and the radial distance from the planet, al-
though our results can also be applied to other ring-satellite systems. In Section 2,
conditions of gravitational accretion and impact velocity in the tidal eld are briey
described. In Section 3, we describe our numerical methods. Section 4 presents our
numerical results of impact simulations. In Section 5, we discuss the criteria for
catastrophic disruption, and our conclusions are summarized in Section 6.
2.2 Accretion Criteria and Impact Velocity in the Roche
Zone
2.2.1 Accretion Criteria in the Roche Zone
First, we briey describe accretion criteria in the Roche zone, which is useful in
understanding the disruption criteria we discuss in later sections. Suppose that a
synchronously rotating uid satellite with no material strength is moving in a circular
orbit around a central planet under its tidal force. The critical radial distance inside
of which the satellite is tidally disrupted is given by (Roche, 1847; Chandrasekhar,
1969)
aR = 2:456
 
c

!1=3
Rc; (2.1)
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where , c andRc are the mean densities of the satellite and the planet and the radius
of the planet, respectively. This critical distance is called the classical Roche limit.
On the other hand, in the case of radially aligned, equal-sized spherical solid satellites
touching with each other, the critical distance for their gravitational accretion is given
by (Weidenschilling et al., 1984)
a = 2:29
 
c

!1=3
Rc: (2.2)
Similarly, the critical distance for a small particle to be gravitationally bound to a
much larger, radially aligned satellite is given by (Weidenschilling et al., 1984)
a = 1:44
 
c

!1=3
Rc: (2.3)
We can derive the accretion criteria in a more general form by using kinetic energy
of colliding particles rather than their mutual gravitational force (Ohtsuki 1993;
Ohtsuki et al. 2013; see also Schmidt et al. 2009).
The ratio of the sum of the radii of colliding particles to their mutual Hill radius
is an important physical quantity related to the accretion criteria in the Roche zone.
Here, the Hill radius RH for particles orbiting at a radial distance a from the central
planet is given as
RH 

m1 +m2
3Mc
1=3
a; (2.4)
and the ratio is given by
~rp = (R1 +R2) =RH: (2.5)
In the above, Mc is the mass of the central planet, R1, R2, m1 and m2 are the radii
and masses of the colliding particles, respectively. Note that the criteria (2) and (3)
correspond to ~rp = 1 with R1 = R2 and with R1  R2, respectively. The above
accretion condition can also be expressed in terms of the mean density of accreting
particles (Porco et al., 2007; Tiscareno et al., 2013). That is, gravitational accretion
is possible when  > crit with
crit =
3Mc
a3
; (2.6)
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where  is a dimensionless shape parameter so that R3sat is the volume of the satellite,
with Rsat being the long semi-axis of the satellite ( = 4=3 for a spherical satellite
with radius Rsat). The condition  > crit is equivalent to ~rp < 1. ~rp can also be
expressed by using the semimajor axis, density, and the mass ratio of the colliding
particles as
~rp =
Rc
a
 

3c
! 1=3
1 + 1=3
(1 + )1=3
; (2.7)
where  = m1=m2. For example, in the case of the Saturnian system with particle
density 0.9 g cm 3, we have aR ' 135,000 km, and when  = 1, equation (7) can be
rewritten as
~rp ' 0:9
 

0:9 g cm 3
! 1=3  
a
140; 000 km
! 1
(2.8)
Assuming that particles are inelastic hard spheres, Ohtsuki (1993) performed
three-body calculations for the accretion probability of colliding particles in the
Roche zone, and found that ~rp < 0:7 is required for signicant accretion in the case
of particles with low random velocities. This is because the physical size of the
particles overow their mutual Hill sphere when ~rp > 2=3, thus accretion becomes
dicult. On the other hand, in the case of collision between gravitational aggregates
consisting of small particles, accretion is facilitated due to adjustment of their shape
at collision (Karjalainen, 2007).
2.2.2 Impact Velocity
Whether colliding particles can gravitationally accrete or not also depends on their
impact velocity. Three-body orbital calculations show that the accretion probability
drops rapidly when the impact velocity becomes comparable to or higher than the
escape velocity, even if ~rp < 2=3 (Ohtsuki, 1993; Ohtsuki et al., 2013). Outcomes of
collisional disruption in the tidal environment should also depend on impact velocity.
Magnitude and direction of impact velocity vary with orbital elements of colliding
bodies. Here, as examples, we examine radial and azimuthal components of impact
velocity for two cases (i.e., initially circular and elliptic orbits), using three-body
10
orbital integration.
We consider the motion of two particles i and j in a rotating Cartesian coordinate
system (x; y; z) with the origin moving on a circular orbit at the distance a0 from the
central planet with the Keplerian angular velocity 
, where the x-axis is pointing
radially outward, the y-axis pointing towards the orbital motion, and the z-axis is
perpendicular to the x-y plane. Suppose that the mass and position vector of particle
i are given by mi and ri = (xi; yi; zi), respectively. In this case, linearized equations
of motion for particle i are described as
xi = 2
 _yi + 3

2xi +
Gmj (xj   xi)
r3ij
yi =  2
 _xi + Gmj (yj   yi)
r3ij
(2.9)
zi =  
2zi + Gmj (zj   zi)
r3ij
where rij  jri  rjj. The equations for the relative motion can be written in a form
similar to Equation (A1) (Nakazawa et al., 1989; Ohtsuki, 2012), which we solve to
obtain relative velocities at impact.
Figure 2.1 shows outcomes of three-body orbital integration for particles initially
on coplanar, circular orbits (i.e., e = i = 0, where e and i are orbital eccentricity and
inclination for the relative motion, respectively). We consider the case where ~rp = 1.
The left panel shows particle trajectories. Solid lines represent trajectories which lead
to collision, while non-collision orbits are shown with dotted lines. The solid circle
shows the physical size of the colliding particles; the radius of the circle corresponds
to the sum of the radii of the colliding particles in units of RH. The right panel shows
the magnitude of impact velocity as well as its radial and azimuthal components as
a function of the non-dimensional impact parameter ~b = (ai   aj)=RH, where ai and
aj are the semimajor axes of colliding bodies. We nd that in the case of initially
circular orbits, the magnitudes of impact velocities are approximately given by the
mutual escape velocity, vesc =
q
2G (mi +mj) = (Ri +Rj). On the other hand, we
nd that the magnitudes of each velocity component vary signicantly. In many
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cases, the radial and azimuthal components are comparable to each other, but in
some cases one component is dominant over the other. Figure 2.2 shows similar plots
for the case of initially elliptic orbits (~e = ea0=RH = 5). Because of the particles'
random velocity, impact velocities are higher in the present case compared to the
case of circular orbits (Figure 2.2, right panels). Again, we nd that the x- and y-
components of the impact velocities largely vary with ~b and the orbital phase, and in
some cases collisions are nearly in the radial (jvxj  jvyj and jvzj = 0) or azimuthal
(jvxj  jvyj and jvzj = 0) direction. Also, when particles have non-zero inclinations,
collisions can be nearly in the vertical direction (jvzj  jvxj; jvyj). Therefore, diverse
combinations of impact velocities and their components can be expected, depending
on particles' random velocity, impact parameter, and orbital phase angles.
As we will show in Section 4, in the case of collisions in the tidal environment,
collision outcomes sensitively depend not only on the magnitude of impact velocity
but also on the direction of impact. In the present work, in order to clarify the
basic characteristics of collisional disruption processes of gravitational aggregates in
the tidal environment, we will focus on radial (jvxj 6= 0, vy = vz = 0), azimuthal
(vx = vz = 0, jvyj 6= 0), and vertical (vx = vy = 0, jvzj 6= 0) collisions. We will vary
impact velocities as a parameter, and examine criteria for disruption.
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Figure 2.1: Numerical results of three-body orbital calculations for particles initially on circular
and coplanar orbits (e = i = 0; ~rp = 1). Left panel shows particle orbits for various values of the
non-dimensional impact paremeter ~b. The solid circle represents the physical size of the colliding
particles. The solid lines represent trajectories that lead to collision, and the dotted lines represent
non-collision trajectories. Right panel shows the magnitude of impact velocity (red triangles) as
well as its radial (green squares) and azimuthal (blue circles) components, respectively, as a function
of impact parameter.
Figure 2.2: Numerical results of three-body orbital calculations for particles initially on coplanar,
elliptic (~e = 5; ~rp = 1) orbits. Left panels show particle trajectories for ~b = 1:15 (top) and
5.0 (bottom), respectively, with various orbital phases. As in Fig. 2.1, the solid lines represent
trajectories that lead to collision, while the dotted lines represent non-collision orbits. Right panels
show the magnitude of impact velocity (red triangles) as well as its radial (green squares) and
azimuthal (blue circles) components, respectively, as a function of the horizontal phase angle  .
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2.3 Numerical Method
We perform simulations of aggregate collision using our local N-body simulation code
that deals with gravitational interactions and inelastic collisions between particles in
the Hill coordinate system. Particle trajectories are integrated by using the second
order symplectic leapfrog method (Quinn et al., 2010). When collisions between par-
ticles are detected, velocity changes are calculated based on the hard-sphere model.
We assume that particles are smooth spheres with normal coecient of restitution,
"n.
We proceeded by taking the following three steps. First, 500 identical particles
are randomly distributed in a low-density sphere in isolation, where the gravitational
potential of the planet is not included, and we let the particles collapse into their cen-
ter of mass due to their mutual gravity. We assume that particle collisions are highly
inelastic ("n = 0.1) at this stage so that relative motion of the particles is damped
quickly. Second, after a rubble pile is formed, it is placed at the origin of the Hill
coordinate system, where the gravitational force of the central planet is now turned
on. The motion of the particles in the system is then integrated, and the rubble pile
sphere is deformed to have an ellipsoid-like shape due to the tidal force of the planet.
Then, as the third step, we perform impact simulations using this deformed rubble
pile. Two identical aggregates are placed in the Hill coordinate system, so that ini-
tially they are just touching each other, either in the radial, azimuthal, or vertical
direction as shown in Figure 2.3. Then, an initial velocity of the same magnitude
but in the opposite direction is given to each of the aggregates, so that the center of
mass of the system is xed at the origin (Figure 2.3). At the above initial state, the
velocity of each aggregate is exactly pointing toward the center of the other. After
the start of simulation, it takes a nite period of time before the aggregates overlap
signicantly and, in the case of radial or azimuthal collisions, the trajectory of each
aggregate slightly curves to the right from its original direction due to the Coriolis
force (the terms 2
 _yi and  2
 _xi on the r.h.s. of Eq. (9)) during this short period
14
of time. However, we adopt the above initial state and give impact velocity as a
parameter, because in this way we can easily examine the dependence of collision
outcomes on impact direction with given impact velocities and easily compare our
results with those of head-on collisions in free space. In most of our simulations, we
assume "n = 0.25 in the second and third steps. We examine the dependence on
restitution coecient in Section 4.3.
Collision between the two aggregates can result in total accretion, complete dis-
ruption, or partial disruption with re-accumulation of some of constituent particles,
depending on paramters. At the end of each simulation, we examine the masses of
the largest and the second largest renmant aggregates, in order to investigate the
degree of disruption. Note that we continue our numerical calculations until the sys-
tem achieves a quasi-steady state, where further change in the masses of the largest
and the second largest remnant aggregates can be neglected (Figure 2.4).
The equilibrium shape of gravitational aggregates depends on the radial distance
from the planet, and Karjalainen (2007) showed that outcomes of collision in the tidal
environment depend on the initial shape of aggregates. In order to eliminate the in-
uence of the aggregate shape, Karjalainen (2007) used the same aggregate shape in
simulations for various radial locations. Following Karjalainen (2007), we also use
the same aggregate that is constructed from 500 identical particles with density 0.9
g cm 3 and has a certain aspect ratio in simulations at various radial distances from
the planet. The aggregate we use is the one created in the way described above for
a = 140; 000 km from Saturn, and has the ratios of the semi-principal axis lengths of
Y=X  0.71 and Z=Y  0.98. In this case, the volume density (or lling factor) 
0.73. For comparison, we also perform simulations with spherical aggregates in the
case of weak tidal eect (a = 200,000 km; Section 4.2).
As a test of our simulation code, we performed simulation of impacts between
aggregates initially on circular orbits as done by Karjalainen (2007), and cormed
agreement with his results on accretion probability. We also performed simulation of
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collision in free space, and conrmed agreement with previous works (e.g. Leinhardt
& Stewart, 2012). A detailed comparison with the case of collision in free space will
be discussed in Section 5. In the following, we use parameter values such as the
radial distance from the planet corresponding to the Saturnian system. However,
numerical results for a radial location corresponding to a certain value of ~rp can be
applied to other ring systems, as long as a radial location corresponding to the same
value of ~rp is considered.
Figure 2.3: Illustration of the initial condition of our impact simulation. Two aggregates are
initially touching each other. The left, middle, and right panels show radial, azimuthal, and vertical
collisions, respectively, in the rotating coordinate system. In the left and middle panels, the central
planet is to the left, and orbital motion is upward. In the right panel, the central planet is to the
right. The black arrows show the directions of initial velocities that we give to the constituent
particles of each aggregate.
Figure 2.4: Examples of time evolution of the mass of the largest (red line) and the second largest
(blue line) remnants. Left and right panels show results of radial collisions between ellipsoid-like
aggregates at a = 200; 000 km with vimp = 3:19vesc and vimp = 3:82vesc, respectively (vesc is the
escape velocity of a spherical body that has the mass of the initial aggregate with particle density of
0.9 g cm 3). Time is scaled by the orbital period at the radial location of the origin of the system.
At the initial state, the two aggregates as a whole is regarded as the largest remnent because the
aggregates are touching each other, thus the mass of the largest remnant equals the total mass. As
shown in these plots, collision outcomes achieve quasi-steady states after a certain period of time.
All our numerical calculations were continued until the system reaches such a quasi-steady state.
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2.4 Results of Impact Simulation
2.4.1 Collisional Disruption in the Strong Tidal Environment
First, as an example of the case of a strong tidal eld, we present results for aggregate
collisions at 140,000 km from Saturn, roughly corresponding to the location of the
F ring. Figure 2.5 shows the plots of mass fractions of the largest (red squares) and
the second largest (blue circles) remnant aggregates at the end of simulation, as a
function of impact velocity. In the bottom horizontal axis, impact velocity scaled by
the escape velocity is shown, while the upper horizontal axis represents correspond-
ing value of the impact velocity when the radius of the constituent particles is 130
m and their internal density is 0.9 g cm 3. Note that the impact energy exceeds
the gravitational binding energy of the aggregates when the impact velocity is larger
than the escape velocity. In the case of collision in free space, the mass fraction of
the largest remnant is expected to decrease monotonically with increasing impact ve-
locity (Leinhardt & Stewart, 2012). In contrast, outcomes of collisions in the strong
tidal eld show completely dierent behavior.
The top panel of Figure 2.5 shows results for radial collisions, where we nd com-
plicated dependence of the collision outcome on impact velocity. Figures 2.6 and
2.7 show time series of several simulations in this case 2. When the impact velocity
is very small, the colliding aggregates become separated due to Coriolis force and
the Kepler shear immediately after their rst contact. As a result, both aggregates
remain nearly intact, the mass of each aggregate being kept close to half of the total
mass (Region A in the top panel of Fig. 2.5; this case is not shown in Fig. 2.6 or
2.7). With slightly higher impact velocity, the area of contact surface of the colliding
aggregates at the time of impact becomes signicant, and the aggregates apparently
2Movies of the simulations for the cases of Fig. 2.6, middle panel; Fig. 2.6, right panel; and Fig. 2.8, left panel
are available as Supplemental Online Material. Note that many of the bottom snapshots in Figs. 6 to 8 do not
represent the nal state of the simulation. For example, in the case where the nal outcome is total disruption (e.g.,
the left and right panels of Fig. 6), after the state shown in the bottom panel, the strung-out line of particles keep
shearing out. Then, they experience a secondary gravitational instability on a smaller scale resulting in destruction
of the coherence, as demonstrated in the case of tidal disruption of gravitational aggregates placed in the Roche
zone (Leinhardt et al., 2012), and eventually become completely dispersed (see the movies in Supplemental Online
Material).
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form a combined object. However, because the mass of the combined object is not
suciently concentrated around its center of mass, it gradually becomes elongated
due to the tidal force. In this case, part of the aggregate overows its closed zero-
potential surface, leading to total disruption with little mixing among constituent
particles originated from each aggregate (e.g., the case with vimp=vesc = 0.69, which
is in Region B in Fig. 2.5, top; see also Fig. 2.6, left). This mode of disruption in
the low-velocity regime is a direct consequence of the strong tidal eect, and never
happens in the case of collisions in free space, where lower impact velocities facilitate
gravitational accretion. With additional slight increase in impact velocity, the mass
of the combined object formed immediately after collision becomes suciently con-
centrated around its center of mass. This stabilizes the combined object, resulting in
total accretion (e.g., the case with vimp=vesc = 1.14, which is in Region C in Fig. 2.5,
top; see also Fig. 2.6, middle). When the impact velocity is slightly increased fur-
ther from the case of Region C, however, collision outcome becomes total disruption
again (e.g., the case with vimp=vesc = 1.52, which is in Region D in Fig. 2.5, top; see
also Fig. 2.6, right). This is because the combined object rotates counter-clockwise
around the center of mass after impact due to the Coriolis force. Because of this
rotation, the combined aggregate is elongated in the radial direction, resulting in
eventual disruption. Note that particles originated from two initial aggregates are
well mixed at the time of disruption in this case (Fig. 2.6, right), in contrast to the
case in Region B (Fig. 2.6, left). As we have seen above, in these cases of relatively
low-velocity impacts under the strong tidal force, the shape of the combined aggre-
gate immediately after the impact plays an important role in determining the nal
collision outcome.
Figure 2.7 shows outcomes of impacts in the strong tidal environment with higher
impact velocities (corresponding to Region E in Fig. 2.5, top) compared to the cases
shown in Figure 2.6. In the case shown in the left panel of Fig. 2.7, the higher
impact velocity somewhat diminishes the rotation eect mentioned above, resulting
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in almost total accretion (the case with vimp=vesc = 1.90). In this case and other
cases with still higher impact velocities (i.e., the cases in Region E in Fig. 2.5, top),
the mass fraction of the largest remnant is regulated by impact velocity as in the
case of collisions in free space, in contrast to the low-velocity regime (Regions A to
D) where the aggregate shape after collision regulates the collision outcome. In this
high-velocity regime (Region E in Fig. 2.5, top), where the impact energy is large
enough, constituent particles in the colliding aggregates can have suciently high
velocity after impact to escape from the gravity of aggregates, leading to dispersal
of the aggregates. As a result, the mass fraction of the largest remnant is a mono-
tonically decreasing function of impact velocity in this regime.
On the other hand, the middle panel of Fig. 2.5 shows results of simulations of
azimuthal collisions in the strong tidal environment. In this case, even with zero or
very small impact velocity, the accelerated motion in the azimuthal direction due to
mutual gravitational attraction between the colliding aggregates causes the Coriolis
force in the radial direction. As a result, the combined aggregate becomes elongated
in the radial direction quickly. At the radial distance considered here, the value of
~rp for a pair of colliding constituent particles is about 0.9 (Eq. (8)). In this case, the
closed zero-potential surface of the aggregate is almost comparable to its physical
size. Therefore, this elongation to the radial direction soon results in total disrup-
tion (Fig. 2.8, left). With higher impact velocity, in addition to the eect of tidal
elongation of the combined aggregate in the radial direction, some particles have
suciently high velocity immediately after the impact to escape from the gravity of
the combined aggregate, further facilitating disruption (Fig. 2.8, middle and right
panels).
The bottom panel of Fig. 2.5 shows results of simulations of vertical collisions at
the same radial location. We found that there is a sharp transition between accretion
and disruption at vimp=vesc ' 0:5. As described above, at the radial distance consid-
ered here the initial physical size of each aggregate is comparable to its Hill radius.
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Low-velocity impacts with vimp=vesc < 0:5 result in accretion, because deformation of
the combined aggregate is small and all constituent particles settle inside the Hill
sphere after the impact. However, when vimp=vesc > 0:5, the combined aggregate be-
comes radially elongated after the impact and keeps changing its shape due to the
tidal force and the shear motion, and is eventually totally disrupted (Fig. 2.9, left).
With still higher impact velocity, not only the elongation of the aggregate shape
but also the fact that part of the constituent particles are gravitationally dispersed
as a result of collisions facilitates disruption (Fig. 2.9, middle and right panels).
Therefore, in the strong tidal eld such as the radial location of the F ring, collision
outcomes are completely dierent among radial, azimuthal, and vertical collisions.
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Figure 2.5: Mass fractions of the largest (red squares) and the second largest (blue circles) aggregates
obtained at the end of simulations, as a function of impact velocity in the case of a strong tidal
environment corresponding to the location of Saturn's F ring (a = 140,000 km). Top, middle,
and bottom panels show the results of radial collision, azimuthal collision, and vertical collision,
respectively. The vertical and horizontal axes represent the mass fraction scaled by the total mass
of the colliding aggregates, and impact velocity vimp scaled by the escape velocity vesc of a spherical
body that has the mass of the initial aggregate with particle density of 0.9 g cm 3, respectively.
Upper horizontal axis represents corresponding value of the impact velocity when the radius of the
constituent particles is 130 m and their internal density is 0.9 g cm 3.
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Figure 2.6: Time series of simulations of collisions between aggregates in the radial direction in
the strong tidal environment corresponding to the location of Saturn's F ring (a = 140,000 km).
The central planet is to the left and orbital motion is upward. Three cases of relatively low-
velocity impacts are shown. Left: total disruption (vimp=vesc = 0:69, Region B in Fig. 2.5, left).
Middle: total accretion (vimp=vesc = 1:14, Region C in Fig. 2.5, left). Right: total disruption
(vimp=vesc = 1:52, Region D in Fig. 2.5, left). Numbers in each panel represent the time elapsed
since the start of simulation in units of the orbital period at the radial location of the origin of the
system.
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Figure 2.7: Same as Fig. 2.6, but three cases of relatively high-velocity impacts corresponding to
Region E in Fig. 2.5, left, are shown. Left: nearly total accretion (vimp=vesc = 1:90). Middle:
partial accretion (vimp=vesc = 2:67). Right: total disruption (vimp=vesc = 3:43).
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Figure 2.8: Same as Fig. 2.6, but time series of simulations of collisions between aggregates in
the azimuthal direction in the strong tidal environment (a = 140,000 km) are shown. Three cases
with dierent impact velocities are shown: vimp=vesc = 0:02 (left), vimp=vesc = 1:90 (middle), and
vimp=vesc = 3:81 (right).
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Figure 2.9: Same as Fig. 2.6, but time series of simulations of collisions between aggregates in the
vertical direction in the strong tidal environment (a = 140,000 km) are shown. Note that in the top
panels the aggregate colored yellow is hidden under the blue one (see Fig. 2.3, right panel). Three
cases with dierent impact velocities are shown: vimp=vesc = 0:72 (left), vimp=vesc = 1:90 (middle),
and vimp=vesc = 3:81 (right).
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2.4.2 Dependence on the Radial Distance from the Planet
So far, we have presented results in the case of the strong tidal eect, corresponding
to the radial location of the F ring. Next, we examine the dependence of collision
outcomes on the radial distance from the central planet. Figure 2.10 shows results
of simulations of radial collisions for various radial locations. The plots are similar
to the one shown in the top panel of Fig. 2.5, but in the present case, those for six
radial distances from Saturn are shown (150,000 km - 200,000 km). In the case of
a = 150,000 km (Fig. 2.10(a)), the overall dependence on impact velocity is similar
to the case of the F ring (Fig. 2.5, top), but there are some dierences. In the case of
a = 150,000 km, the disruption eciency in Region B is lower, and the mass fraction
of the largest remnant is somewhat larger. Also, Region C becomes somewhat wider
because the size of the Hill radius becomes larger with increasing radial distance.
In the case of a = 160,000 km (Fig. 2.10(b)), Region B disappears, and most of
low-velocity impacts with vimp=vesc < 1 now result in accretion, except for the very
low-velocity case where colliding aggregates remain nearly intact. As a result, Region
C becomes wider, while disruption eciency in Region D becomes lower. When the
distance from the planet is further increased to 180,000 km (Fig. 2.10(d)), Region
A disappears and the disruption eciency in Region D becomes signicantly lower.
This is because at this distance the value of ~rp is 0.70, thus the Hill sphere of the
aggregate becomes larger than its physical size. When the radial distance becomes
as large as a = 190,000 km, even Region D disappears and, when a = 200,000 km
(Fig. 2.10(f)), the overall behavior becomes similar to the case of collisions in free
space, i.e., the mass fraction of the largest remnant becomes smaller with increasing
impact velocity.
Figure 2.11 shows results of azimuthal collisions for various radial locations. As
in the case of radial collisions, we nd that the tendency of accretion in low-velocity
impacts becomes more notable as the radial distance is increased. We nd that az-
imuthal collisions tend to be signicantly more disruptive than radial collisions when
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a  170,000 km and 2 < vimp=vesc < 3, due to the fact that the initial aggregate is
elongated to the radial direction, and also because of the Coriolis force in the radial
direction at the time of impact, as mentioned in Section 4.1. However, with further
increase in the radial distance (a = 190,000 km, Fig. 2.11(e)), the mass fraction of
the largest remnant becomes a rather smooth, monotonically decreasing function of
impact velocity, similarly to the case of collisions in free space (Stewart & Leinhardt,
2009; Leinhardt & Stewart, 2012). This can be explained by the fact that the Hill
sphere of the aggregate becomes suciently larger than its physical size at this radial
location since the value of ~rp becomes 0.66, and the aggregate disruption occurs when
particles have suciently large velocity after the impact. On the other hand, we also
note that azimuthal collisions are slightly more disruptive than radial collisions even
at the location far outside the Roche limit (a > 180,000 km; see the dierence at
vimp=vesc ' 3). This is because in the case of azimuthal collisions between such elon-
gated aggregates, more particles tend to be dispersed in the radial direction at the
time of collision than the case of radial collisions. Then, these particles are further
dispersed due to the shear motion in the azimuthal direction. Thus, gravitational
re-accumulation becomes more dicult in the case of azimuthal collisions. Figure
2.12 shows similar plots for vertical collisions. As in the case of radial and azimuthal
collisions, with increasing radial distance from Saturn, accretion becomes notable
in low-velocity impacts and the transition from total accretion to total disruption
becomes smoother.
In summary, in the case of a strong tidal eld, tidal deformation of aggregates
plays an essential role in collisional disruption. In this case, because the Hill sphere
of the aggregate is comparable to its physical size, even small elongation of the ag-
gregate to the radial direction can lead to complete disruption. On the other hand,
the ratio of the Hill radius to the physical size increases with increasing distance
from the central planet. When the ratio is suciently large, collision outcome is
determined by post-impact velocity of constituent particles; accretion occurs when
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impact velocity is suciently small. The results for a = 200,000 km in Figures 2.10,
2.11, and 2.12 suggest that the eect of the tidal force is relatively weak in this case.
In such a case, the mass fraction of the largest remnant is a monotonically decreasing
function of impact velocity, as in the case of collisions in free space.
In all the simulations presented above, we have used initial aggregates of the same
shape to eliminate the inuence of aggregate shape, as mentioned before. However,
aggregates formed by gravitational accretion are expected to become rounder with
increasing radial distance from the planet (Karjalainen & Salo, 2004; Karjalainen,
2007). In order to examine the degree of the inuence of aggregate shape in our
simulation results, especially in the case of weak tidal force where aggregates are
expected to take a nearly spherical shape, we performed additional simulations of
impacts between spherical aggregates at a = 200,000 km (Fig. 2.13). In the rela-
tively low-velocity regime with vimp=vesc < 1, collisions lead to accretion regardless
of directions of impact (radial, azimuthal or vertical) or initial shapes (ellipsoid or
sphere) of the aggregates. In the case of higher velocities with 2 < vimp=vesc < 5,
on the other hand, there are signicant dierences among the six cases. When we
compare the results of radial, azimuthal and vertical collisions in either the case of
ellipsoidal aggregates or in the spherical case in Fig. 2.13, we conrm that azimuthal
collision is the most destructive, and the radial collision is the least destructive (see
also Figs. 2.5, 2.10, 2.11, and 2.12). This is because more particles tend to become
gravitationally dispersed and gravitational re-accumlation is least ecient due to the
shear motion in azimuthal collisions. On the other hand, comparing the results for
ellipsoidal aggregates with those of spherical aggregates in Fig. 2.13, the ellipsoidal
aggregates are more easily disrupted than the spherical ones at radial collision, while
the spherical ones are more easily disrupted in the case of azimuthal collision. We
think that this can be explained by the dierence in the eciency of energy transfer
at the time of impact due to dierent radii of curvature at the points of contact
between the colliding aggregates. That is, when two ellipsoidal aggregates collide in
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the radial direction, the area of contact at the time of impact is smaller compared to
the case of spherical aggregates of the same total mass. Thus, impact energy is more
localized near the point of impact and can be used for disruption more eciently,
resulting in a smaller mass fraction of the largest remnant. On the other hand, when
the ellipsoidal aggregates collide in the azimuthal direction, the area of contact at
the time of impact becomes larger compared to the case of spherical aggregates, thus
the collision becomes less disruptive than azimuthal collision between spherical ag-
gregates. A similar explanation can be made for the dierence between spherical and
ellipsoidal aggregates in vertical collisions. However, the general tendency that the
mass fraction of the largest remnant becomes smaller with increasing impact velocity
is the same for the six cases.
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Figure 2.10: Same as the top panel of Fig. 2.5, but results of simulations of radial collisions for
various radial distances from Saturn are shown. (a)150,000 km, (b)160,000 km, (c)170,000 km,
(d)180,000 km, (e)190,000 km, and (f) 200,000 km.
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Figure 2.11: Same as the middle panel of Fig. 2.5, but results of simulations of azimuthal collisions
for various radial distances from Saturn are shown. (a)150,000 km, (b)160,000 km, (c)170,000 km,
(d)180,000 km, (e)190,000 km, and (f) 200,000 km.
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Figure 2.12: Same as the bottom panel of Fig. 2.5, but results of simulations of vertical collisions
for various radial distances from Saturn are shown. (a)150,000 km, (b)160,000 km, (c)170,000 km,
(d)180,000 km, (e)190,000 km, and (f) 200,000 km.
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Figure 2.13: Numerical results of radial, azimuthal, and vertical collisions at a = 200,000 km
using two dierent shapes of aggregates. Radial, azimuthal, and vertical collisions using spherical
aggregates (denoted by \S") are plotted by the lled red marks with solid lines (squares, circles,
and triangles, respectively). Radial, azimuthal, and vertical collisions using ellipsoidal aggregates
(denoted by \E") are plotted by the open blue marks with dashed lines (squares, circles, and
triangles, respectively).
2.4.3 Dependence on Restitution Coecient
In the simulations presented so far, we set the normal coecient of restitution "n to
be 0.25. However, physical properties of ring particles are largely unknown. Labo-
ratory experiments for ice show that "n depends on impact velocity and is close to
unity for impacts with suciently low velocities (e.g. Bridges et al., 1984; Hatzes
et al., 1988). In order to investigate the dependence of collision outcomes on coe-
cient of restitution, we performed simulations of radial collisions with "n = 0.75 for
a =140,000 km and 200,000 km. The left panel of Fig. 2.14 shows the results for
a = 140,000 km with "n = 0.25 and 0.75. In the region with low impact velocities
corresponding to Regions A and B in the left panel of Fig. 2.5, the results with two
dierent values of "n are very similar. In this case, collision outcomes are regulated
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by deformation of colliding aggregates as we mentioned in Section 4.1, which is rather
insensitive to the assumed values of "n. In contrast, the behavior in the high-velocity
regime with vimp=vesc > 1 is dierent when "n is increased. The high velocity regime
corresponding to Region E in the left panel of Fig. 2.5 shifts toward the lower ve-
locity region in the case of higher restitution coecient. In the high velocity regime
corresponding to Region E, collisions with a higher coecient of restitution tend to
be more disruptive, because particles can have larger velocity after impact and can
more easily escape from the gravity of the aggregates. The right panel of Fig. 2.14
shows the results for a = 200,000 km, where we can see a tendency similar to that
of the high velocity regime in the left panel of Fig. 2.14. These results suggest that
elastic properties of constituent particles are important in the regime where collision
outcomes are determined by ejection velocity of the particles, while collision out-
comes are rather insensitive to the elastic properties for low-velocity collisions in the
strong tidal eect, where post-impact deformation plays a major role.
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Figure 2.14: Numerical results of radial collisions using two dierent values of coecient of restitu-
tion: "n = 0.25 (red line with squares), and "n = 0.75 (blue line with circles). The left panel shows
the results for a = 140,000 km, and the right panel shows the case of a = 200,000 km.
2.5 Criteria for Catastrophic Disruption
The degree of collisional disruption is often expressed by using the ratio of the mass of
the largest remnant (mlr) to the total mass (mtot) of an impactor and a target as we
described above, and in the case of collisions in free space,mlr=mtot is a monotonically
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decreasing function of the specic impact energy. The specic impact energy dened
in terms of the masses of the impactor and the target as Q = 1
2
mimpactorv
2
imp=mtarget
was usually used in previous works implicitly assuming mimpactor  mtarget, but
Stewart & Leinhardt (2009) used an expression of the impact energy dened by
QR =
1
2
v2imp=mtot, where  = mtargetmimpactor=mtot is the reduced mass (see also
Takeda & Ohtsuki, 2007). Stewart & Leinhardt (2009) showed that outcomes of
collisions with various impactor-to-target mass ratios can be understood in a unied
manner if QR is used (see also Leinhardt & Stewart, 2012). They derived a universal
law for the largest remnant given by
mlr=mtot =  0:5 (QR=QRD   1) + 0:5 (2.10)
for 0 < QR=Q

RD < 2, where Q

RD is the value of QR required to gravitationally
disperse half the total mass.
As we mentioned in Section 3, we performed simulations of head-on collisions in
free space as a test of our simulation code. Figure 2.15 shows the mass fraction of
the largest remnant as a function of the normalized specic impact energy in this
case. We nd that our numerical results are consistent with the result of Leinhardt
& Stewart (2012); mass fraction of the largest remnent is a monotonically decreasing
function of the specic impact energy and can be approximated by Equation (10).
Next, we examine the validity of the above universal law in the case of collisions in
the tidal environment. Figure 2.16 shows the mass fraction of the largest remnant as
a function of the normalized specic impact energy at four dierent radial distances
from Saturn. Here, QRD is calculated by tting the results of radial collisions between
spherical aggregates in the case of a = 200,000 km. We show results of the ellipsoidal
aggregates and those with spherical ones in the case of a = 200,000 km (Fig. 2.16(d))
as in Fig. 2.13, while the results for the ellipsoidal aggregates are shown in the other
cases. The results of radial collisions between spherical aggregates at a = 200,000 km
agree well with the linear relationship given above, demonstrating the validity of the
universal law in such a case. At this radial location, the Hill radius of the aggregate is
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suciently larger than its physical size. Also, radial impacts tend to disperse particles
mainly in the azimuthal direction, and the tidal eect on particle dispersal is weaker
and thus re-accumulation is more ecient than the case of azimuthal and vertical
collisions, as we mentioned before. These factors seem to explain the above rather
good agreement with the linear relationship. In the case of low-velocity collisions
corresponding to 0 < QR=Q

RD < 0:5 in Fig. 2.16(d), numerical results are plotted
near the line for the universal law, regardless of the initial shape of the aggregates
and the direction of collision. However, at higher impact velocities, even at the same
radial distance (a = 200,000 km), results of the ve cases other than the radial
collisions for spherical aggregates largely deviate from the universal law (see also
Fig. 2.13). The deviation is more signicant for the cases with the stronger tidal
eects (Figs. 2.16(a) to 2.16(c)), which can be expected from the results shown
above (e.g., Figs. 2.5, 2.10, 2.11, and 2.12). As we mentioned in Sec. 2.3, even
though the velocities of the colliding aggregates are initially given so that they are
pointing toward the center of the other, aggregate centers slightly curve away from
each other in the case of radial and azimuthal collisions due to the Coriolis force
before the aggregates overlap signicantly. Thus, strictly speaking, aggregates in the
case of radial and azimuthal collisions experience oblique impacts in our simulation
frame and the impact parameter is correlated with the impact velocity (see Eq.
(A1)). However, this is not the reason for the above deviation from the universal
law, because Leinhardt & Stewart (2012) shows that oblique impacts in free space
can be well approximated by the universal law (their Figure 3). On the other hand,
in the case of vertical collisions, the aggregates experience exactly head-on collisions
in our chosen frame, but still the results in the strong tidal environment shown in
Fig. 2.16 largely deviate from the universal law. Therefore, we can conclude that
the universal law seems to be valid when the radial distance from the planet is large
enough to neglect the tidal eects, but it cannot be directly applied to collisions at
locations where the tidal eect is important.
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Figure 2.15: Mass fraction of the largest remnant as a function of the normalized specic impact
energy for the case of head-on collisions in free space. The lled circles are results of our simulation
(mass ratio is 1:1), while the analytic linear relationship given by Eq. (10) is shown by the dashed
line.
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Figure 2.16: Mass fraction of the largest remnant as a function of the normalized specic impact
energy. Numerical results for four dierent radial distances are shown: (a)140,000 km, (b)160,000
km, (c)180,000 km, and (d)200,000 km from Saturn. Results for radial, azimuthal, and vertical
collisions between elongated aggregates are shown by red circles, black triangles, and blue squares,
respectively. In Panel (d), results for radial, azimuthal, and vertical impacts between spherical
aggregates (red crosses, black reversed triangles, and blue diamonds, respectively) as well as the
analytic linear relationship given by Eq. (10) (dashed line) are shown.
2.6 Summary
In the present work, we investigated collisions between gravitational aggregates in
the tidal environment, which is important for the origin and dynamical evolution of
ring-satellite systems of giant planets. Outcomes of collisions under the tidal eect
largely depend on the magnitudes of the radial, azimuthal, and vertical components
of impact velocity, which vary signicantly depending on random velocity, dierence
in semimajor axes, and orbital phase angles of colliding bodies (Section 2.2). We
performed local N-body simulations of aggregate impacts including the tidal force,
and examined the dependence of collision outcomes on various parameters, such as
impact velocity, direction of collision, and the distance from the central planet. In
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the case for a strong tidal eld such as Saturn's F ring, we found that outcomes of
collisions largely depend on the direction of impact, i.e., collision in the azimuthal
direction is the most destructive due to the Coriolis force and the tidal force, while
radial collision is the least destructive. In the case of radial collisions in such a strong
tidal eld, we found that collision outcomes sensitively depend on impact velocity.
Tidal deformation of colliding aggregates after the impact plays an essential role in
low-velocity collisions, while velocity of dispersed particles after the impact deter-
mines the degree of disruption in high-velocity collisions and the mass of the largest
remnant aggregate becomes smaller with increasing impact velocity. Numerical re-
sults are insensitive to the value of restitution coecient in the former low-velocity
case, while higher values of the coecient facilitate disruption in the latter high-
velocity case. We also examined the dependence of collision outcomes on the radial
distance from the planet. We found that at radial locations suciently far from the
planet (where ~rp < 0:7 for a pair of colliding constituent particles; a > 180; 000 km
in the case of the Saturnian system), the mass of the largest remnant becomes a
monotonically decreasing function of impact velocity, as in collisions in free space.
However, we also noticed that the tidal eect is signicant even at a = 200; 000 km in
the case of the Saturnian system, especially in collisions in the azimuthal direction.
Stewart & Leinhardt (2009) derived an analytic linear relationship between the mass
fraction of the largest remnant and the normalized specic impact energy, which they
called the universal law. We examined its validity in the case of aggregate impacts
in the tidal environment. We found that outcomes of radial collisions seem to agree
well with the universal law when the radial distance is large enough. However, even
at a = 200; 000 km from Saturn, the tidal eect is found to be signicant, especially
for azimuthal collisions.
The results of the present work show that, in the strong tidal eld such as the
F ring, both accretion and disruption take place in collisions between gravitational
aggregates. This is consistent with the Cassini observations that suggest the occur-
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rence of both particle accretion and collisional disruption in the F ring (Beurle et
al., 2010; Attree et al., 2012). These observations revealed detailed structures likely
caused by gravitational accretion or disruption of aggregates, and also show the time
variation of such structures. Comparison between these observations and numerical
simulations of such processes would provide new insights, such as the detailed mech-
anism of the creation of such structures and/or constraints on physical properties of
ring particles. We plan to work on such an issue in our subsequent work.
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Chapter 3
Formation of Multiple-Satellite
Systems From Low-Mass
Circumplanetary Particle Disks 1
3.1 Introduction
There are a variety of satellite systems in our solar system. The terrestrial planets
have no or a small number (one or two) of satellites, while the giant planets have
many. It is known that the systems of regular satellites of the giant planets have
a common ratio of the total satellite mass to the host planet's mass with O(10 4)
(e.g. Canup & Ward, 2006). On the other hand, the satellite-to-planet mass ratio is
as large as 0.012 and 0.1 for the Earth-Moon system and the Pluto-Charon system,
respectively. Since processes of satellite formation are thought to be closely related
to the formation process of the host planets, understanding of satellite formation is
expected to provide constraints on planet formation.
The principal regular satellites of the gas giant planets are thought to be formed
by accretion of solids in gas disks around forming host planets (e.g. Canup & Ward,
2002, 2006, 2009; Estrada et al. , 2009). For example, Canup & Ward (2006) showed
that the common ratio between the total satellite mass and the host planet's mass
can be naturally explained by a balance between the supply of solids into the disk
1The content of this chapter is an author-created, un-copyedited version of an article published in The Astrophysi-
cal Journal. IOP Publishing Ltd is not responsible for any errors or omissions in this version of the manuscript or any
version derived from it. The Version of Record is available online at http://iopscience.iop.org/article/10.1088/0004-
637X/799/1/40/meta
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and the loss of formed satellites by inward migration to the planet due to the tidal
interaction with the gas disk. Ogihara & Ida (2012) demonstrated that the cong-
uration of the Laplace resonance among the inner three Galilean satellites can be
explained when the existence of the disk inner edge is taken into account (see also
Sasaki et al., 2010).
On the other hand, the Moon is thought to be formed by accretion from an
impact-generated debris disk (Hartmann & Davis , 1975; Cameron & Ward , 1976).
N-body simulation of lunar accretion from particulate disks showed that generally a
single satellite is formed in a few months from initial disks of masses Mdisk;ini=M '
0:02   0:05 conned within the planet's Roche limit (Ida et al., 1997; Kokubo et
al., 2000), although the formation time scale becomes as long as  102 years if a
hot uid disk composed of vapor and melt is considered, because in such a case the
rate of radial spreading of the disk and thus the growth rate of the satellite are con-
trolled by the rate of radiative cooling of the disk (Salmon & Canup, 2012). Charon
may also have been formed by accretion from an impact-generated debris disk, but
impact simulations showed that it is more likely that Charon is an impactor that
survived nearly intact (Canup, 2005). In the above studies of satellite accretion from
impact-generated disks, relatively massive initial particulate disks are necessary to
account for the current total mass and angular momentum of the Earth-Moon or the
Pluto-Charon system; the required disk mass ratio relative to the host planet is at
least a few percent for the Moon, and more than 10% for Charon (Ida et al., 1997;
Canup, 2005).
On the other hand, Charnoz et al. (2010) considered satellite accretion from a cir-
cumplanetary particulate disk with a much smaller disk to host planet mass ratio to
examine formation of moonlets around Saturn. Such a disk would have been formed
either by tidal disruption of a passing comet (Dones, 1991), disruption by meteoroid
impact of a satellite that formed in the circumplanetary gas disk and migrated in-
ward past the Roche limit (Charnoz et al., 2009), or tidal stripping of the outer
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layers of a migrating dierentiated satellite in the circumplanetary gas disk (Canup,
2010). When satellites are formed outside the Roche limit through radial diusion
of disk particles initially conned within the Roche limit, the mass of the formed
satellite is larger when the disk surface density is larger, while the surface density
gradually decreases due to the diusion. As a result, satellites that were formed early
in the evolution from a disk with a larger surface density are more massive. Also,
the formed satellites migrate outward due to tidal interaction with the particle disk
and the planet, but the tidal torques are increasing functions of mass. Consequently,
more massive satellites migrate outward more rapidly, and these dierent migration
rates lead to orbital crossings and merging. Charnoz et al. (2010) showed that the
above mechanisms can explain the observed mass-orbital radius relationship among
inner small moons of Saturn (i.e., their mass increases with increasing distance from
Saturn), if radial spreading of a particle disk initially much more massive than the
current rings is considered.
Furthermore, Crida & Charnoz (2012) developed an analytic model for the ac-
cretion and orbital evolution of satellites from particulate disks with mass ratios
relative to the host planet much smaller than the case of the lunar formation, and
applied it to the formation of satellite systems of Saturn and other giant planets.
Assuming that the disk surface density and the mass ux across the Roche limit are
kept constant, Crida and Charnoz analytically investigated the growth and orbital
evolution of formed satellites, and found that the observed relationship between the
masses and orbital radii of regular satellites of Saturn, Uranus, and Neptune can
be explained by their model. It should be noted that, in order to account for the
current radial location of Saturn's mid-sized moons including Rhea, the model by
Crida & Charnoz (2012) (see also Charnoz et al., 2011) had to assume signicantly
strong tidal dissipation inside Saturn corresponding to the quality factor Q  103 as
compared to the often assumed value of  104, although there is a recent study that
suggests such strong dissipation (Lainey et al., 2012).
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The analytic model by Crida & Charnoz (2012) oers a unied understanding
of the formation of satellite systems of terrestrial planets and those of giant plan-
ets. However, gravitational interaction between formed satellites is not taken into
account in their model, which is expected to be important when formed satellites are
massive, while previous N-body simulations of satellite accretion mostly focused on
accretion of a single moon from relatively massive disks. On the other hand, using
N-body simulation, Takeda (2002) investigated satellite accretion from particulate
disks of various mass ratios to the host planet, and examined a relationship between
the initial disk mass and the mass of formed satellites. Also, in order to examine the
processes of the formation of the second satellite from the remaining disk after the
formation of the rst satellite, he performed simulations starting from a particulate
disk with a satellite seed placed outside the Roche limit. However, direct N-body
simulations of consecutive formation of multiple satellites is desirable for better un-
derstanding of the whole accretion processes, including detailed orbital evolution of
growing satellites and formation of co-orbital satellites during accretion.
Many exoplanets have been found so far, and the search for satellite systems
of exoplanets is ongoing (e.g. Kipping et al., 2012, 2013a,b, 2014). Such satellites
around exoplanets are also important in the context of astrobiology, because some of
them would be located in the habitable zone. Thus, understanding of the formation
processes of satellites from various particulate disks is important, not only for the
understanding of the origin of satellite systems in our solar system, but also for those
of exoplanets.
In the present work, we perform N-body simulations to investigate the process
of consecutive formation of rst and second satellites from particulate disks initially
conned within the Roche limit. We examine how the masses of formed satellites
depend on the initial disk mass, and also examine their orbital evolution in detail. In
Section 2, we describe our numerical methods. Section 3 presents results for satellite
accretion from massive disks similar to the case of lunar accretion, for comparison
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with results shown in later sections. Numerical results of the consecutive formation
of rst and second satellites from lighter disks are presented in Section 4. Section 5
discusses dependence on various parameters and diversity of satellite systems formed
from particulate disks. Our results are summarized in Section 6.
3.2 The Model and Numerical Methods
3.2.1 Initial Conditions
We examine accretion of satellites from circumplanetary particle disks in a gas-free
environment by performing global N-body simulation. Collision and gravitational
interaction between particles are taken into account. As the initial condition, we
consider particle disks conned within the planet's Roche limit given by
aR = 2:456
 

c
! 1=3
Rc; (3.1)
where  is the material density of particles, and c and Rc are the central planet's
density and radius, respectively. Initially, particles are distributed in an annulus
with 0:4aR  r  aR, and their surface density follows a power-law distribution
 / r; we examine cases with  =  1,  3, and  5. Initial orbital eccentricities
and inclinations of particles are assumed to have small values that follow a Rayleigh
distribution. In the following, we use the non-dimensional angular momentum of the
disk given by
jdisk;ini = Ldisk;ini=
q
GMcRc; (3.2)
where Ldisk;ini is the angular momentum of the initial disk, and Mc is the mass of
the central planet. In the case of surface density distribution given above, we have
jdisk;ini ' 0:83, 0:78, and 0:73 for  =  1,  3, and  5, respectively. We examine
cases of various initial disk masses, with Mdisk;ini=Mc = 0:01  0:06. The initial disks
are described by 3 104 to 5 104 particles (Table 1).
We set the mass of the central planet to be the Earth's mass and assume that the
densities of the particles and the central planet are  = 3:3 g cm 3 and c = 5:5 g
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cm 3, respectively, so that the case of massive disks corresponds to that of lunar ac-
cretion examined by previous works (Ida et al., 1997; Kokubo et al., 2000). However,
evolution of self-gravitating particle disks is governed by their surface density rather
than the density or mass of individual particles, and the mass of the initial disk
relative to the planet (Mdisk;ini=Mc) and the initial angular momentum distribution
of the disk are important parameters that control the outcome of satellite accretion
(Ida et al., 1997; Kokubo et al., 2000; Takeda & Ida, 2001). Also, Rc=aR ' 0:34 when
the above values are assumed for the densities of the central planet and the particles,
while we have Rc=aR ' 0:4   0:5 if the densities of the central planet and satellites
corresponding to the gas giant planets are assumed. However, as we show later,
dynamical behavior near the disk outer edge is important for satellite accretion from
a disk initially conned within the Roche limit (see also Ida et al., 1997; Kokubo et
al., 2000). Therefore, our results can be applied to satellite accretion from particle
disks in various cases, including ones around giant planets.
In our model, we assume a disk of condensed particles as the initial condition,
but this may not be appropriate for massive disks. In fact, Salmon & Canup (2012)
showed that vaporization of constituent particles would be important in the protolu-
nar disk around the Earth when Mdisk=M > 0:003, because in this case the amount
of energy released during the viscous spreading of the disk is comparable to the la-
tent heat of vaporization of silicate and the rate of radiative cooling from the disk
surfaces is too small compared to the viscous heating rate. By generalizing their
estimates to the case of particle disks around a central planet with mass Mc, we
nd that the amount of energy released during disk spreading is comparable to the
latent heat of vaporization of silicate when Mc=M > 0:3. On the other hand, the
rate of radiative cooling from the disk surfaces becomes smaller than the viscous
heating rate when Mdisk=M > 0:003 (Mc=M) 1=3. If we compare the latter con-
dition with the range of disk-to-planet mass ratios examined in the present work
(0:01  Mdisk;ini=Mc  0:06), we nd that vaporization would be important at least
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near the midplane even in the case of the lightest disk (Mdisk;ini=Mc = 0:01) when
Mc=M > 0:03. Salmon & Canup (2012) showed that the time scales of disk spread-
ing and satellite accretion become signicantly longer when the uid disk inside the
Roche limit is considered. Also, because of the prolonged period of interaction with
the uid inner disk, the formed satellite tends to have a larger semi-major axis com-
pared to the pure N-body simulations. However, other basic characteristics of the
nal outcomes were quite similar to those of pure N-body simulations. For example,
they found that the relationship between the mass of the formed satellite and the
initial disk angular momentum can be explained by the semi-analytic relationship de-
rived from pure N-body simulations (Ida et al., 1997) with the above revised estimate
of the semi-major axis of the formed satellite. While we acknowledge the importance
of vaporization, in the present work we will focus on disks of solid bodies, as a rst
step of full N-body simulation of the multiple-satellite system formation.
3.2.2 Numerical Methods
The orbits of particles are calculated by numerically integrating the following equa-
tion of motion,
dvi
dt
=  GMc xijxij3  
NX
j 6=i
Gmj
xi   xj
jxi   xjj3 ; (3.3)
where xi, vi, and mi denote the position relative to the center of the planet, the
velocity, and the mass of particle i, respectively, and G is the gravitational constant.
We use the modied fourth-order Hermite scheme (Kokubo & Makino, 2004) with
shared time steps for the integration. Gravitational forces between particles and the
planet are calculated using GRAPE-DR, which is a special purpose hardware for
gravity calculation.
Collision between particles is taken into account, assuming that particles are
smooth spheres with normal restitution coecient "n = 0:1. Previous works show
that dynamical evolution is hardly aected by "n, as long as "n < 0:6 (e.g., Takeda
& Ida, 2001). For the search of colliding pairs, we adopt the octree method imple-
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mented in REBOUND (Rein & Liu, 2012). When a collision is detected, velocity
change is basically calculated based on the hard-sphere model (Richardson, 1994).
Particles that collide with the planet are removed from the system. When a col-
lision between particles takes place outside the Roche limit, colliding particles can
become gravitationally bound and form aggregates. Whether colliding pairs become
gravitationally bound or not is judged by the accretion criteria that takes account
of the tidal eect (Ohtsuki, 1993; Kokubo et al., 2000); we calculate the energy for
the relative motion of the colliding pair using their positions and velocities, and the
pair is regarded as being gravitationally bound when their centers are within their
mutual Hill radius and the energy is negative (Kokubo et al., 2000). Gravitational
aggregates formed outside the Roche limit can be tidally disrupted when they are
scattered back inside the Roche limit by a forming satellite or another aggregate. In
order to correctly describe such phenomena, we basically adopt the so-called“rubble-
pile model”(Kokubo et al., 2000) for aggregates formed near the Roche limit, and
follow the orbits of constituent particles.
However, if we adopt this method for all the bodies for the entire simulation, a
large portion of computing time has to be used for resolving collisions among con-
stituent particles that form aggregates, and it is dicult to handle long-term orbital
integration of formed aggregates. On the other hand, as we will show below, a satel-
lite formed by particle accretion near the disk edge gradually migrates outward due
to gravitational interaction with the disk. Once the satellite migrates suciently far
from the Roche limit, it does not need to be treated as a rubble-pile, because it will
not be scattered back inside the Roche limit any more. Therefore, in the present
work, for the largest and the second largest aggregates in the system, we adopt the
following treatment for the merger of constituent particles into a single body. The
conditions for this treatment are: (i) the aggregate (the largest or the second largest)
is suciently massive, and (ii) the radial distance of its center of mass from the planet
is suciently larger than aR so that it is ensured that it does not enter the Roche
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limit any more. When both the above two conditions are satised, the aggregate is
replaced by a single sphere that has the same mass and center-of-mass velocity as
those of the aggregate and the density equal to that of the constituent particles, .
The critical values of the mass and semi-major axis for this treatment are determined
empirically; typically, in the case of the rst satellite, the critical mass corresponds
to about 70% of its nal mass (the nal mass is estimated empirically from previous
works on lunar accretion as well as our simulations with and without the above treat-
ment; see Figure 3.11), and the critical distance is about 1:15aR. When the newly
formed body (satellite) further accretes other particles, the mass of the satellite is
increased accordingly.
Each simulation is continued until the system reaches a quasi-steady state, al-
though formed satellites continue slow outward migration after their formation. In
the case of the formation of a single satellite from massive disks, simulations are
typically continued for 500TK (TK is the orbital period at r = aR). On the other
hand, in the case of low-mass disks where the evolution of the system is slow, we
continue our simulations for 103TK.
3.3 Formation of Single-Satellite Systems fromMassive Disks
In this section, we present results in the case of satellite accretion from relatively
massive disks with Mdisk;ini=Mc ' 0:05, for comparison with the case of accretion
from lighter disks discussed in later sections. Satellite accretion from such massive
disks corresponds to previous N-body simulations of lunar formation (Ida et al., 1997;
Kokubo et al., 2000).
Figure 3.1 shows an example of our simulation that corresponds to such a massive
disk. As we described in Section 3.2, the outer edge of the initial disk is located
at r = aR (Figure 3.1, t = 0; the number in each panel represents time in units
of the orbital period TK at the Roche limit). First, spiral structures develop in
the disk due to its self-gravity (t = 5TK). Then, angular momentum is transferred
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Table 3.1: Initial Disk Parameters and Mass of Formed Satellites
Run Mdisk;ini=Mc jdisk;ini N Ms;out=Mc Ms;in=Mc
1 0.060 0.725 30,000 8.7210 3 : : :
2 0.050 0.725 30,000 7.9810 3 : : :
3 0.040 0.725 50,000 4.2710 3 2.4310 3
4 0.050 0.775 30,000 1.2010 2 : : :
5 0.045 0.775 30,000 9.1810 3 : : :
6 0.040 0.775 30,000 8.9210 3 : : :
7 0.030 0.775 50,000 5.7810 3 : : :
7b 0.030 0.775 50,000 2.1310 3 3.6310 3
8 0.025 0.775 50,000 4.1810 3 1.3210 3
9 0.020 0.775 50,000 2.8710 3 1.1810 3
10 0.015 0.775 50,000 2.3210 3 6.7110 4
11 0.010 0.775 50,000 1.0010 3 : : :
12 0.040 0.830 30,000 1.1810 2 : : :
13 0.025 0.830 30,000 7.8110 3 : : :
14 0.020 0.830 30,000 5.0110 3 : : :
Note: In the case where only one satellite is formed, Ms;out represents its mass at the end of
simulation; when a co-orbital satellite and/or a small moonlet on an outer orbit is also formed
as the second largest body in the system, their masses are also included in Ms;out to facilitate
comparison with other cases. In the case where two satellites are formed, Ms;in and Ms;out are the
masses of satellites on the inner orbit and the outer orbit, respectively; in this case,Ms;in is obtained
from the mass of the second satellite just after its rapid growth phase. The asterisks denote the
cases where a co-orbital satellite was formed on the orbit of the primary satellite.
through gravitational interaction between spiral arms, and those particles transferred
outward past the Roche limit start forming gravitational aggregates (t = 17TK).
The largest aggregate is replaced by a single body when it becomes massive enough
and is suciently far from the Roche limit as a result of outward migration, as
we described in Section 3.2.2 (t = 34TK). The formed satellite continues outward
migration (t = 93; 495TK), while disk particles are scattered by the satellite and
collide with the planet (Ida et al., 1997; Kokubo et al., 2000). At the end of the
simulation, a single-satellite system was formed, with the mass of the remaining disk
being only about 24% of the satellite mass, or 0.3% of the planet mass.
Figure 3.2 shows the evolution of the mass and semi-major axis of the satellite
in this case. We can see that the satellite grows rapidly when its orbit is near the
Roche limit (i.e., r=aR ' 1  1:2). The time scale of the evolution in the early stage
is determined by the angular momentum transfer in the disk (Kokubo et al., 2000;
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Takeda & Ida, 2001). The viscosity of self-gravitating particle disks can be written
as
 = CG22=
3; (3.4)
where the coecient C depends strongly on the distance from the planet (Takeda &
Ida, 2001; Daisaka et al., 2001), and also weakly on the elastic properties of particles
(Yasui et al., 2012). The time scale of the increase of the satellite mass in the early
phase of its rapid growth (' 102TK) shown in Figure 3.2 is roughly consistent with
the time scale of viscous evolution of the disk (Kokubo et al., 2000).
In the case of massive disks, formation of a single satellite is a typical outcome,
but in some cases a second largest satellite is formed as a co-orbital satellite of the
largest one. Kokubo et al. (2000) report that in about 10% of their simulations, a
co-orbital satellite with mass larger than 20% of the largest one was formed. Figure
3.3 shows an example of our simulation that produced such a co-orbital satellite. In
this case, the co-orbital satellite is moving in a tadpole orbit about the L4 Lagrangian
point of the largest satellite, and it stayed in this orbit until the end of the simulation
(t = 500TK). Figure 3.4 shows the evolution of the masses and the semi-major axes
of the two satellites in this case. We nd that the secondary satellite is captured into
the tadpole orbit during the phase of rapid growth of the primary satellite, and is
locked in such an orbit while it migrates outward with the primary satellite. Collision
of such a co-orbital satellite onto forming satellites may have played an important
role in the impact history of satellites (Jutzi & Asphaug, 2011).
In Figure 3.3, an edge-on views is also shown for the panel for t = 33TK. This
panel shows a side-view of the secondary satellite before it is replaced by a single
body, and we can see that it has a radially elongated shape due to the tidal force.
Such aggregates formed just outside the Roche limit have elongated shapes, and are
locked in synchronous rotation. However, with increasing distance from the planet as
a result of outward migration, the tidal eect weakens and aggregates tend to have
rounder shapes (Karjalainen & Salo, 2004). Since in our simulation the largest and
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the second largest aggregates that satisfy the conditions described in Section 3.2.2
are respectively replaced by a single body, we do not follow the change of satellite
shapes in the course of outward migration.
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Figure 3.1: Snapshots of the simulation for the case of a single-satellite system (Run-4;
Mdisk;ini=Mc = 0:05, jdisk;ini = 0:775). Results are shown looking down onto the circumplane-
tary particle disk. Initially, the disk is conned in an annulus with 0:4  r=aR  1, while the radius
of the central planet is Rc = 0:34aR. Numbers in each panel represent the time elapsed since the
start of the simulation, in units of the orbital period at the Roche limit.
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Figure 3.2: Evolution of the semi-major axis (top panel) and the mass (bottom panel) of the satellite
in the case of Run-4 (Mdisk;ini=Mc = 0:05), where the nal outcome is a single-satellite system.
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Figure 3.3: Snapshots of the simulation for the case where a system of a large satellite with a small
co-orbital one was formed (Run-6; Mdisk;ini=Mc = 0:04, jdisk;ini = 0:775). An edge-on view of the
system is also shown for t = 33tK, where we can see the radially elongated shape of the co-orbital
satellite.
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Figure 3.4: Evolution of the semi-major axis (top panel) and the mass (bottom panel) of the
satellites in the case of Run-6 (Mdisk;ini=Mc = 0:04). The red lines represent those for the primary
satellite, and the green lines represent those for the co-orbital satellite.
3.4 Formation of Multiple-Satellite Systems
3.4.1 Formation of the Second Satellite
Next, we present results for accretion from lighter particle disks, where the second
satellite is formed. In our simulations with jdisk;ini = 0:775, the second satellite
was formed when 0:015  Mdisk;ini=Mc  0:03 (Table 1). In the marginal case of
Mdisk;ini=Mc = 0:03, the second satellite was not formed in one simulation (Run-7),
but it was formed in another simulation where initial conditions were generated using
a dierent set of random numbers (Run-7b). On the other hand, in the case with
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Mdisk;ini=Mc = 0:01, the evolution of the system was so slow that we had to stop the
simulation before the second satellite was formed, although its formation is expected
if we continue the simulation. Figure 3.5 shows time series of the evolution of the sys-
tem in the case of Mdisk;ini=Mc = 0:015. Initial evolution of the disk is similar to the
case of more massive disks shown in Section 3.3. First, spiral structures are formed
as a result of gravitational instability (t = 4TK). Since the critical wavelength of the
instability (c) is proportional to the disk surface density, we nd that there are a
larger number of arms in the present case compared to the case shown in Figure 3.5
(t = 5TK). As a result, the mass of each aggregate formed from particles transferred
outside the Roche limit, which is roughly proportional to 2c (Kokubo et al., 2000),
is smaller compared to the case of more massive disks (compare Figure 3.5, t = 32TK
with Figure 3.1, r = 17TK). Also, since the surface density of the disk is smaller, the
outward mass ux across the Roche limit is also smaller. Collisions between these
aggregates outside the Roche limit produce the rst satellite (t = 69TK), whose mass
( 0:002  Mc) is smaller than the case of more massive disks. When this rst
satellite satises the conditions described in Section 3.2.2, it is replaced by a single
sphere (t = 102TK).
After its formation, the rst satellite gradually migrates outward via gravitational
interaction with the disk, as in the case of more massive disks (t = 69; 102TK). On
the other hand, particles near the disk outer edge are pushed inward by the satellite,
and a gap is formed between the satellite and the disk outer edge (t = 102TK). The
growth of the satellite almost stalls by this stage, but a signicant amount of mass
corresponding to 3.3 times the satellite mass remains in the disk. In the case of more
massive disks shown in Section 3.3, the mass of the rst satellite was so large that
it gravitationally scatters most of disk particles to lead to collision with the planet.
However, in the present case of the lighter disk, the rst satellite is too small to
scatter disk particles onto the planet. Instead, the satellite migrates outward signif-
icantly through gravitational interaction with the remaining disk, and then the disk
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outer edge also gradually expands (t = 565TK).
The torque from the satellite exerts on disk particles at resonant locations (Gol-
dreich & Tremaine, 1980), and there are a number of m : m  1 inner mean motion
resonances with the rst satellite between the orbit of the rst satellite and the disk
outer edge. Because of this resonant eect, particles cannot spread across the Roche
limit immediately after the rst satellite is formed and starts outward migration.
However, these resonances vanish beyond the radial location of the 2:1 inner mean
motion resonance, which is located at r2:1 = 0:63as (r2:1 is the radial location of the
2:1 inner mean motion resonance with the rst satellite, and as is the semi-major
axis of the rst satellite). Therefore, when r2:1 becomes larger than aR as a result
of outward migration of the rst satellite, particles near the disk outer edge pile up
outside the Roche limit and the accretion of the second satellite begins (Figure 3.5,
t = 690TK; Goldreich & Tremaine (1978); Takeda (2002) ). As in the case of the rst
satellite, the second satellite is replaced by a single sphere when its radial location
is suciently far from the disk outer edge (Figure 3.5, t = 986TK). Formation of
the second satellite at the location of the 2:1 resonance with the rst one was also
found in some cases in the hybrid simulations of Salmon & Canup (2012), but they
mostly focused on the case of the formation of single-satellite systems because they
were primarily interested in the lunar formation.
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Figure 3.5: Same as Figure 3.1, but the case of the consecutive formation of two satellites is shown
(Run-10; Mdisk;ini=Mc = 0:015, jdisk;ini = 0:775).
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Figure 3.5: Continued.
3.4.2 Orbital Evolution of the First and Second Satellites
Figure 3.6 shows the evolution of the mass and the semi-major axis of the rst and
the second satellites formed in the case of Run-10. The mass growth of the rst
satellite is similar to the case of the formation of a single satellite from more massive
disks described in Section 3.3; it undergoes rapid growth just outside the Roche
limit, then repels the disk outer edge and begins outward migration. In the present
case, the time scale of the viscous evolution of the particle disk is longer because of
the smaller disk surface density, thus the growth time scale of the satellite is also
longer. On the other hand, the second satellite is formed from particles piled up
near the 2:1 resonance with the rst satellite, as mentioned above. Exactly speaking,
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the satellite seed, which is formed near the location of the 2:1 resonance with the
rst satellite, grows by accreting particles spreading from the disk outer edge, while
the orbits of many of these particles are interior to the resonance location and have
specic angular momentum smaller than that of the satellite seed. As a result,
the specic angular momentum of the second satellite can decrease during its rapid
growth, and its semi-major axis stays near the disk outer edge (Figure 3.6). When the
second satellite becomes suciently massive to repel the disk outer edge, its growth
stalls and outward migration begins. Then the second satellite is captured into the
2:1 mean motion resonance with the rst satellite. Since the angular momentum
that the second satellite receives from the disk is partly transferred to the outer
rst satellite through resonant interaction (Peale, 1986), the two satellites continue
outward migration, with their radial locations being locked in the resonance.
A similar evolution can be found in other cases of the formation of two satellites
from disks with dierent initial masses. Figure 3.7 shows results for two cases with
slightly more massive disks than the case shown above, with the same initial non-
dimensional angular momentum of the disk. Because of the larger surface density of
the initial disks, the viscous evolution of the disk and satellite formation proceeds
faster, but the general feature of the evolution is similar to the case shown in Figure
3.6. In the case of Mdisk;ini=Mc = 0:025 (Run-8) shown in the right panel of Figure
3.7, a co-orbital satellite whose mass is 7% of the rst satellite is formed on the orbit
of the rst satellite. This small companion was captured into the tadpole orbit when
the rst satellite was still near the disk, and migrates outward together with the rst
satellite. Then, when the eccentricity of the rst satellite grew signicantly, its orbit
became unstable and collided with the rst satellite at t = 833TK. Out of our four
simulations where two satellites (excluding co-orbitals) were formed, capture of a
co-orbital satellite by the rst satellite was found in two cases (Runs 3 and 8), which
suggests that the formation of co-orbital satellites would be more common than the
case of satellite formation from more massive disks (Kokubo et al., 2000). In the
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other case (Run-3), the mass of the co-orbital satellite was 7% of the rst satellite.
The rst and the second satellites continue outward migration while their orbits
are kept locked in the 2:1 mean motion resonance. In the present work, we do not
examine their subsequent longer-term evolution in detail. If there is sucient amount
of mass still available in the disk when the second satellite migrates suciently far
from the disk outer edge, viscous diusion of the disk is expected to lead to the
formation of the third and the forth satellites (Crida & Charnoz, 2012). On the
other hand, when the rst two satellites are rather massive and are locked in the 2:1
resonance during their outward migration, as in the case examined in the present
work, orbital eccentricities of the two satellites can grow during their migration,
which would inuence their subsequent dynamical evolution. Figure 3.8 shows the
evolution of the eccentricities of the satellites in the cases where two satellites were
formed. The eccentricity of the rst satellite before the formation of the second
satellite is generally small. However, after the second satellite is formed and is
locked into the 2:1 mean motion resonance, the eccentricity of the second satellite
oscillates and takes on rather large values (0:1 0:25), and the eccentricity of the rst
satellite increases accordingly ( 0:05). For comparison, we performed three-body
orbital integration for the two satellites and the planet but without disk particles.
The initial conditions were taken from those at t = 800TK of our Run-10, and the
integration was continued for 5000TK. We conrmed that the eccentricities of the
rst satellite (0:02 0:04) and that of the second satellite (0:1 0:13) did not grow as
large as the cases shown in Figure 3.8, which suggests that the interaction between
the satellites and the disk as well as their migration play an important role for the
eccentricity evolution of the satellites.
In the present work, suciently massive aggregates that migrated far from the
disk edge are replaced by single spheres. However, if the eccentricity of the second
satellite becomes so large that its peri-center gets inside the Roche limit, the satellite
would undergo tidal disruption, which is not taken into account in our simulation
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after the satellites are replaced by single spheres. Figure 3.9 shows results of an
additional simulation we performed to examine such eects2. The simulation is the
same as Run-8 until the formation of the second satellite, but we did not replace
it with a single sphere in the present case and continued treating it as a rubble
pile. We nd that the mass of the second satellite grows after its formation and
then decreases signicantly; this is because the satellite gets inside the Roche limit
after its eccentricity grows signicantly, and it undergoes tidal disruption. After
that, the fragments of the rst-generation second satellite accrete again to form
the second satellite of the second generation. Such a cycle of tidal disruption and
re-accumulation would be repeated. Interestingly, a part of the fragments of the
disrupted second satellite reach the orbit of the rst satellite, and contribute to its
additional growth. If the rst satellite migrates suciently outward during such a
cycle, the orbit of the second satellite would move outward and, eventually, its peri-
center would avoid getting inside the Roche limit. In any case, orbital evolution of
multiple-satellite systems is important to understand the nal outcomes of satellite
accretion from particle disks.
2This case is not listed in Table 1.
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Figure 3.6: Evolution of the semi-major axis (top panel) and the mass (bottom panel) of the
satellites in the case of Run-10 (Mdisk;ini=Mc = 0:015). The red lines represent the rst satellite,
and the blue lines represent the second one. The black dotted line in the top panel shows the radial
location of the 2:1 mean motion resonance with the outer rst satellite.
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Figure 3.7: Same as Figure 3.6, but those for Run-9 (Mdisk;ini=Mc = 0:02, left panel) and Run-8
(Mdisk;ini=Mc = 0:025, right panel) are shown. In the case of Run-8, a co-orbital satellite was
temporarily formed (green line), but it eventually collides and merges with the rst satellite at
t = 833TK.
3.5 Dependence on the Mass and Angular Momentum of the
Initial Disk
3.5.1 Disk Evolution and Formation of the First Satellite
Figure 3.10 shows the evolution of the mass and semi-major axis of the rst satellite
for various initial disk masses. From Figure 3.10(a) we conrm that more massive
disks lead to more rapid evolution and produce more massive rst satellites. In
general, the satellite grows mostly during the early phase of rapid growth, and then
its growth slows down. Figure 3.10(b) shows the plots of the evolution of the semi-
major axis of the rst satellite for the three cases out of the six shown in Figure
3.10(a). In all these cases, we can see that the satellite undergoes rapid growth when
its semi-major axis is smaller than about 1:2aR by accreting particles spreading across
the Roche limit. When the satellite grows large enough to repel the disk outer edge,
its growth almost stalls. At this stage, its semi-major axis is about 1:2  1:3aR, and
its outward migration is rather smooth afterwards.
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3.5.2 Mass of the First Satellite
Figure 3.11 shows the plots of the mass of the rst satellites as a function of the
initial mass of the disk (jdisk;ini = 0:775). We nd that the dependence changes at
Mdisk;ini=Mc ' 0:03. In the case of massive disks that produce single-satellite sys-
tems, Ida et al. (1997) analytically showed from the conservation of mass and angular
momentum that the satellite mass is proportional to the mass of the initial disk (see
also Kokubo et al., 2000). In the derivation of this relationship, it is assumed that
particles initially in the disk either accrete to form the satellite, collide with the
planet, or escape from the system through gravitational scattering by the satellite,
and that the disk does not remain at the nal stage. Ida et al. (1997) and Kokubo
et al. (2000) conrmed that their numerical results of N-body simulations agree well
with the analytic relationship.
The dashed line in Figure 3.11 is the t to our numerical results forMdisk;ini=Mc >
0:03, assuming that the satellite mass is proportional to the mass of the initial disk.
We conrm that our results for the case of the formation of single-satellite systems
agree well with this relationship as in the previous works. On the other hand, in
the case of lighter disks with Mdisk;ini=Mc < 0:03, a signicant mass still remains in
the disk after the formation of the rst satellite, and the second satellite is formed
from the remaining disk. Thus, the assumption of the complete depletion of the
initial disk at the time of the formation of the rst satellite that was made in the
derivation of the above analytic linear relationship between the satellite mass and
the initial disk mass is not valid anymore. In fact, in the case of such low mass disks,
the dependence of the mass of the rst satellite on the initial disk mass is found to
be stronger, and the satellite mass is approximately proportional to the square of
the initial disk mass. In this case, the accretion eciency of incorporation of disk
material into the satellite (Kokubo et al., 2000) decreases with decreasing disk mass.
On the other hand, satellite accretion from particle disks with much lower initial
mass was studied by Crida & Charnoz (2012), as we mentioned before. They inves-
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tigated satellite accretion in the limit where the mass of the satellites accreted from
the disk is negligible compared to the disk mass, and assumed that the disk surface
density and the mass ow rate across the Roche limit are constant during satellite
accretion. In this case, if we dene the time scale of the viscous spreading of the disk
with viscosity  as T  a2R=, the rate of outward mass ow across the disk outer
edge can be written as F = Mdisk=T . Using the expression of the viscosity for the
self-gravitating collisional disks (Equation 3.4) and Mdisk = a
2
R, we then have
F = CG23=
3: (3.5)
In the model of Crida & Charnoz (2012), satellites (or satellite seeds) formed near
the disk outer edge grow by directly accreting particles spreading from the disk
outer edge when the satellites are still near the edge ("continuous regime"), or by
capturing moonlets formed by accretion of such spreading particles when the satellites
somewhat migrate outward ("discrete regime"). In both cases, the growth rate of
the mass of the satellites (Ms) is determined by the mass ow rate F , and we have
Ms / F / 3 /M3disk: (3.6)
Crida & Charnoz (2012) showed that the mass of the formed satellite at the end of
the discrete regime is given by Ms=Mc ' 2200(Mdisk=Mc)3. These satellites continue
outward migration due to torques from the particle disk and the planet, and grow
further by mutual collisions in the course of the migration ("pyramidal regime").
In Figure 3.12, we compile the tting results to our simulations as well as those
of previous works for satellite accretion from massive disks (Ida et al., 1997; Kokubo
et al., 2000) and from light disks (Crida & Charnoz, 2012). As we mentioned above,
in the case of the formation of single-satellite systems from massive disks, the disk is
cleared out quickly due to gravitational scattering by the massive rst satellite. In
this case, the mass of the rst satellite is proportional to the initial disk mass (Ida et
al., 1997; Kokubo et al., 2000). On the other hand, the assumption of a constant disk
surface density seems to be reasonable when the mass of the formed satellites is much
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smaller than the disk mass. In this case, the mass of the satellites is proportional to
the cube of the disk mass, as we have shown above. The case of the formation of the
rst and the second satellites in our simulation is intermediate between the above
two cases. In this case, the mass of the rst satellite is not large enough to clear out
the remaining disk, while it is too massive to neglect its inuence on the remaining
disk; the mass of the disk signicantly decreases as a result of the formation of the
rst satellite, and the disk outer edge is shepherded by the rst satellite after its
formation. As a result, the dependence of the mass of the rst satellite on the initial
disk mass becomes also intermediate between the above two cases.
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Figure 3.8: Evolution of the orbital eccentricity of satellites for Run-8 (Mdisk;ini=Mc = 0:025, top
panel), Run-9 (0.02, middle panel), and Run-10 (0.015, bottom panel). The red lines represent the
rst satellite, and the blue lines represent the second satellite.
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Figure 3.9: Evolution of the semi-major axis (top panel) and the mass (bottom panel) of the
satellites in the case of the additional simulation, where the second satellite is treated as a rubble-
pile object, without being replaced by a single sphere. Note that the simulation is the same as Run-8
shown in the right panel of Figure 3.7 until the formation of the second satellite. The meanings of
the lines are the same as the right panel of Figure 3.7. In the present case, the co-orbital companion
of the rst satellite is scattered inside the Roche limit at t ' 550TK.
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Figure 3.10: Evolution of the mass (top panel) and the semi-major axis (bottom panel) of the
largest satellite in cases with various disk masses (jdisk;ini = 0:775). In the top panel, the mass
of the co-orbital companion on the orbit of the largest satellite as well as that of a small moonlet
formed on an orbit exterior to the largest satellite's orbit is added to that of the largest satellite to
facilitate comparison.
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Figure 3.11: ass of the rst satellite as a function of the initial mass of the disk (jdisk;ini = 0:775).
Open squares represent the mass of the rst satellite, while the lled circles show the sum of the
masses of the rst satellite and the second largest body in the system (i.e., a co-orbital satellite or a
smaller satellite on an outer orbit). The dashed line represents the logarithmic t to the numerical
results for Mdisk;ini=Mc > 0:03 assuming that the satellite mass is proportional to the initial disk
mass. The solid line is the logarithmic t to the results for Mdisk;ini=Mc < 0:03, assuming that the
satellite mass is proportional to the square of the initial disk mass. The masses of the satellites in
the case of the formation of single-satellite systems are those at the end of each simulation (i.e.,
those at t = 500TK), while those in the case of the formation of multiple-satellite systems are those
just before the formation of the second satellite.
3.5.3 Formation of the Second Satellite
In the case of the disks with non-dimensional angular momentum jdisk;ini = 0:775
shown above, the second satellite was formed when 0:015 Mdisk;ini=Mc  0:03, while
single-satellite systems are formed from more massive disks (Section 3.4). However,
evolution of particle disks depends not only on the mass but also on the angular
momentum distribution of the initial disk (Ida et al., 1997; Kokubo et al., 2000).
Figure 3.13 shows results of a series of simulations where the mass and angular
momentum of the initial disk are varied. The lled circles show the cases where
the second satellite was formed, while the open circles represent the cases where
single-satellite systems are formed. The open triangle indicates the marginal case
where whether the second satellite is formed or not depends on the choice of random
numbers for generating initial conditions. From Figure 3.13, we nd a tendency
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that the critical mass of the initial disk that produces multiple satellites decreases
with increasing angular momentum, indicating that higher angular momentum of the
initial disk facilitates the formation of single-satellite systems. Figure 3.14 shows the
dependence of the mass of the rst satellite on the disk angular momentum. When
the disk angular momentum is larger and more mass is located in the outer part of
the disk, particles in the disk can be transported outward across the Roche limit
more easily, thus the mass of the rst satellite tends to be larger. Such a massive
rst satellite easily clears out the remaining disk, and the second satellite cannot
be formed. On the other hand, in the case of compact disks with smaller angular
momentum, the outward mass ux across the Roche limit is rather small and the
mass of the rst satellite tends to be also small, which facilitates the formation of
the second satellite.
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Figure 3.12: Dependence of the mass of the rst satellite on the initial mass of the disk in three
dierent regimes. The red line represents the case of the formation of single-satellite systems from
massive disks, where the satellite mass is proportional to the disk mass. The green line represents the
case of the formation of two-satellite systems, where the satellite mass is approximately proportional
to the square of the disk mass. These two lines were obtained by logarithmic ts to our numerical
results (Figure 3.11). Typical results of the previous N-body simulation of lunar accretion from
massive disks fall within the width of the red line, while our numerical results for the formation of
two-satellite systems fall within the width of the green line (Figure 3.11). The blue line shows the
result of Crida & Charnoz (2012) on the mass of the satellite formed at the end of "the discrete
regime" (i.e., Ms=Mc ' 2200(Mdisk=Mc)3). Although they assume that the disk surface density is
constant, actual disks should have surface density distribution, and the mass of satellites accreted
from such light disks should also depend on the surface density (or angular momentum) distribution
similarly to the numerical results in the other two regimes. Note that actual transitions between
the regimes are expected to be rather smooth.
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Figure 3.13: Outcomes of simulations with various values of initial disk mass and non-dimensional
angular momentum of the disk. Filled circles indicate the case where the second satellite is formed,
while open circles represent the case that results in single-satellite systems. Open triangle shows
the marginal case where whether the second satellite is formed or not depends on the choice of
random numbers for generating initial positions and velocities of particles.
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Figure 3.14: Dependence of the mass of the rst satellite on the non-dimensional angular momentum
of the initial disk (Runs 3, 6, and 12; Mdisk;ini=Mc = 0:04 in all the three cases). Open squares
represent the mass of the rst satellite, while the lled circles show the sum of the masses of the rst
satellite and the second largest body in the system (i.e., a co-orbital satellite or a smaller satellite
on an outer orbit).
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Figure 3.15: Mass of the rst satellite (circles) and the second satellite (squares) as a function of
the initial mass of the disk (jdisk;ini = 0:775). The solid line represents the t to the results for the
rst satellite, assuming that the satellite mass is proportional to the square of the initial disk mass.
3.5.4 Mass of the Second Satellite
Figure 3.15 shows the mass of the second satellites together with that of the rst
satellites as a function of the initial disk mass. As we mentioned in Section 3.5.2,
the mass of satellites produced from lighter disks tends to be smaller. At the time
of the accretion of the second satellite, the mass and the surface density of the disk
are smaller compared to the initial disk due to the formation of the rst satellite.
Therefore, the mass of the second satellite tends to be smaller than that of the rst
satellite.
On the other hand, as we mentioned above, the eciency of incorporation of disk
material into the rst satellite decreases with decreasing disk mass in the case of the
formation of multiple satellites. When the mass of the rst satellite is much smaller
than the initial disk mass, the mass of the remaining disk at the time of the formation
of the second satellite is still similar to that of the initial disk. As a result, the mass
of the second satellite formed from such a remaining disk becomes similar to that of
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the rst satellite. From Figure 3.15, we can conrm that the dierence between the
masses of the rst and the second satellites becomes smaller with decreasing mass of
the initial disk. This is also consistent with Crida & Charnoz (2012), who considered
the case with much lighter disks. In this case, the mass of the formed satellite at the
end of the discrete regime is given by Ms=Mc ' 2200(Mdisk=Mc)3 as we mentioned
above, which is constant as the disk mass is assumed to be constant.
3.5.5 On the Diversity in Final Outcomes
As we have shown above, the typical outcome of satellite accretion from massive
particle disks is single-satellite systems, while multiple-satellite systems are produced
from lighter disks. Also, when multiple satellites are formed, outer satellites tend
to be more massive, because of a larger surface density of the disk at the time of
accretion and/or as a result of outward migration and merger of formed satellites.
In both cases of single- and multiple-satellite systems, co-orbital satellites can be
formed occasionally.
On the other hand, dynamical evolution of self-gravitating particle disks inevitably
involves stochastic nature arising from gravitational scattering between aggregates
as well as their collisional disruption and subsequent re-accumulation, which can
result in diversity in outcomes of disk evolution. As an example, Figures 3.16 and
3.17 show results of Run-7b; in this case, the parameter values of disk mass and
angular momentum are the same as those assumed in Run-7 (Mdisk;ini=Mc = 0:03,
jdisk = 0:775), but a dierent set of random numbers are used to generate initial po-
sitions and velocities of particles. In the case of Run-7, only one satellite was formed.
On the other hand, two satellites are formed in Run-7b; unlike the above-mentioned
typical cases, the inner satellite is more massive than the outer one. Also, the two
satellites are found to be locked in the 1:2 mean motion resonance.
This system with an inner larger satellite and an outer smaller one was formed in
the following way. First, radial spreading of particles from the disk leads to the for-
mation of a number of satellite seeds just outside of the Roche limit, and they grow
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through mutual collision and accretion. However, accretion eciency between bodies
in the strong tidal eld is not 100% (Ohtsuki, 1993; Canup & Esposito, 1995; Ohtsuki
et al., 2013), and collision between gravitational the discrete regime aggregates can
lead to complete or partial disruption (Karjalainen, 2007; Hyodo & Ohtsuki, 2014).
In the case ofMdisk;ini=Mc = 0:03 shown in Figures 3.16 and 3.17, the mass of satellite
seeds is signicantly large. When such aggregates are disrupted by collision, they are
often elongated due to the tidal eect and ejected particles are spread in a rather
wide range of radial locations. Also, gravitational interaction between aggregates
as well as between aggregates and dispersed particles leads to signicant changes in
semi-major axes and eccentricities of aggregates. In the case shown in Figure 3.16,
a relatively massive aggregate (which eventually becomes the outer smaller satellite
in the nal state) undergoes collision with another aggregate, which leads to partial
disruption of the colliding bodies (Figure 3.16, t = 29TK). The mass of the aggregate
shows abrupt increase at the time of the collision, because the temporarily combined
object is regarded as a single body (the green line at t ' 28TK in Figure 3.17a).
The largest remnant body produced by this collision and disruption has a rather
large semi-major axis, and its eccentricity is also increased (the green line in Figures
3.17b, c). Then, at t ' 33TK (Figure 3.16), another aggregate experiences scattering
and partial disruption that leads to outward displacement, when the aggregate loses
signicant mass (the red line in Figures 3.17a, b). Then, this aggregate undergoes
a close encounter with the aggregate that was scattered outward before, and the
former is scattered inward to the vicinity of the outer edge of the disk (t ' 43TK; the
red line in Figure 3.17b). Afterwards, this satellite seed grows by accreting particles
spreading from the disk outer edge, and eventually becomes the largest satellite (Fig-
ure 3.16, t = 59; 146TK; Figure 3.17a). During the growth of this largest satellite,
particles located in the region exterior to the satellite's orbit are scattered by the
satellite to outer orbits, and then captured by the outer smaller satellite. Thus, the
outer satellite grows signicantly during this phase. When the mass of the inner
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satellite becomes large enough to shepherd the outer edge of the disk, the satellite
begins outward migration. The radial distance between the inner larger satellite and
the outer smaller one gradually shrinks and, eventually, they get captured into the
1:2 mean motion resonance (see also Salmon & Canup, 2012). Then they continue
outward migration while being locked in the resonance. The eccentricity of the outer
smaller satellite becomes large ( 0:2) after it is captured into the resonance (the
green line in Figure 3.17c). The eccentricity of the inner satellite is rather small
initially, but it grows signicantly in the course of the outward migration due to the
resonant eect (the red line in Figure 3.17c).
In the above evolution, gravitational scattering between aggregates and their im-
perfect accretion at collision in the tidal environment plays an essential role in pro-
ducing the nal outcome that is dierent from the typical case. When the disk is
not too light, as in the case shown above, those aggregates formed near the disk
outer edge have signicant mass, and gravitational scattering between them and
their disruption plays an important role in delivering signicant mass to the outer
region, which facilities formation of satellites with large orbits. Thus, stochastic na-
ture of gravitational scattering and collisional disruption in the tidal eld can lead
to signicant diversity in the nal outcome of satellite accretion.
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Figure 3.16: Snapshots of the simulation for the case of the formation of the two-satellite system with
a larger satellite on an inner orbit and a smaller one on an outer orbit (Run-7b; Mdisk;ini=Mc = 0:03,
jdisk;ini = 0:775).
81
 0
 0.0005
 0.001
 0.0015
 0.002
 0.0025
 0.003
 0.0035
 0.004
M
as
s 
[M
c]
(a)
 0.8
 1
 1.2
 1.4
 1.6
 1.8
 2
Se
m
im
ajo
r A
xis
 [a
R
]
(b)
 0
 0.05
 0.1
 0.15
 0.2
 0.25
 0.3
 0  20  40  60  80  100  120  140  160
Ec
ce
nt
ric
ity
Time [TK]
(c)
Figure 3.17: Evolution of the mass (top panel), semi-major axis (middle panel), and eccentricity
(bottom panel) of the satellites in the case of Run-7b shown in Figure 3.16. The red lines represent
the one that eventually becomes the largest satellite on an inner orbit, and the green lines represent
the one that becomes the smaller satellite on an outer orbit. The black dotted line in the middle
panel shows the radial location of the 1:2 mean motion resonance with the inner largest satellite.
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3.6 Summary
In the present work, using N-body simulations, we have investigated formation of
satellites from particulate disks initially conned within the Roche limit. While the
formation of single-satellite systems from massive disks was examined by previous
N-body simulation (Ida et al., 1997; Kokubo et al., 2000), we have studied processes
of the formation of multiple-satellite systems from low-mass disks in detail. When
the mass of the particle disk is smaller, a larger number of particles have to be used
in the simulation to resolve spiral structures created due to collective eects among
particles, which plays an essential role in the disk's dynamical evolution. Also, sim-
ulations for a longer period of time are required, because the time scale of the disk
evolution becomes longer with decreasing surface density of the disk. In order to
solve these problems, we have adopted a new approach; we replace the largest and
the second largest aggregates by a single sphere, respectively, when they become
suciently massive and migrate outward suciently far from the disk outer edge.
This approach allowed us to perform simulations of consecutive formation of the rst
and the second satellites from particle disks. Formation of multiple-satellite systems
has been recently examined based on analytic and numerical models (Charnoz et al.,
2010; Crida & Charnoz, 2012), but gravitational interaction between satellites was
not taken into account in these studies.
We found that single-satellite systems are formed from massive disks, while multiple-
satellite systems are formed from lighter disks. In the case that the non-dimensional
disk angular momentum jdisk;ini = 0:775, multiple-satellite systems were formed when
Mdisk;ini=Mc  0:03, and we found that multiple-satellite systems are more likely to
be formed from disks with smaller angular momentum. In the case of the formation
of single-satellite systems from massive disks, previous studies showed that the mass
of the formed satellite is proportional to the initial mass of the disk (Ida et al., 1997;
Kokubo et al., 2000). On the other hand, the recent analytic study examined satel-
lite accretion in the limit where the mass of the satellites accreted from the disk is
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negligible compared to the disk mass, assuming that the disk surface density and the
mass ow rate across the Roche limit are constant during satellite accretion (Crida
& Charnoz, 2012). In this case, it has been shown that the mass of the satellites is
proportional to the cube of the disk mass. Our simulations show that the mass of the
rst satellite in the case of the formation of two-satellite systems is approximately
proportional to the square of the disk mass for 0:01  Mdisk;ini=Mc  0:03, which is
intermediate between the above two cases. We also found that the second satellite
is formed near the location of the 2:1 mean motion resonance with the rst satellite.
After the formation of the second satellite, the two satellites continue outward mi-
gration while being locked in the resonance (see also Salmon & Canup, 2012). When
the eccentricity of the inner satellite grows signicantly as a result of this resonant
eect, its pericenter would get inside the Roche limit and the satellite would undergo
tidal disruption, while it would avoid disruption if it migrates outward suciently
far from the Roche limit before the eccentricity grow signicantly. More detailed
studies are required for the orbital evolution of multiple-satellite systems formed by
accretion from particle disks. On the other hand, co-orbital satellites are occasionally
formed on the orbits of the rst satellite (Kokubo et al., 2000). Although we did
not nd formation of co-orbital satellites on the orbit of the second satellite, this is
likely due to the resolution of our simulations. Our results suggest that the observed
co-orbital satellites in the Saturnian satellite system may have formed during the
accretion of the primary satellites. Also, collision of co-orbital satellites onto forming
satellites may have played an important role in the impact history of satellites (Jutzi
& Asphaug, 2011).
In most cases of our simulations that produced two-satellite systems, the rst
satellite on the outer orbit was more massive than the second one that was formed
later on the inner orbit, and the two satellites are locked in the 2:1 mean motion
resonance, as mentioned above. However, our simulation also showed that accretion
from particle disks can produce satellite systems signicantly dierent from such a
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typical outcome, owing to the stochastic nature involved in gravitational interaction
and collision between aggregates in the tidal environment (Section 3.5.5). Such ef-
fects may have played an important role in producing characteristics of the mass and
orbital architecture of the satellite systems in our Solar System. They would also
be important in the formation of satellite systems of exoplanets, thus more detailed
studies are desirable.
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Chapter 4
Saturn's F Ring and Shepherd
Satellites as a Natural Outcome of
Satellite System Formation 1
4.1 Introduction
Saturn's F ring was discovered in 1979 by Pioneer 11 (Gehrels et al. 1980, Esposito
2014). Its unusual structures have been revealed through observations by the two
Voyager spacecraft (Smith et al. 1981, 1982), other telescopes (Nicholson et al.
1996, Bosh et al. 2002), and in by far more detail by the Cassini spacecraft (Porco
et al. 2005, Charnoz et al. 2005, Murray et al. 2008). Owing to the planet's tidal
force, even low-velocity collision between particles in the ring does not necessarily
lead to gravitational accretion (Ohtsuki 1993, Canup & Esposito 1995), and easily
results in disruption (Karjalainen 2007, Hyodo & Ohtsuki 2014). Observations by
Cassini also suggest ongoing accretion and disruption of aggregates within the ring
(Esposito et al. 2008, Beurle et al. 2010, Attree et al. 2012), but the ring's origin
has been poorly understood. Dust generation due to collision between unseen small
moonlets (Cuzzi & Burns, 1988; Barbara & Esposito, 2002) or meteoroid impacts
onto such small bodies (Showalter et al., 1992) have been proposed as the origin
of the F ring but detailed studies have not been carried out, and the relationship
1The content of this chapter is an author-created, un-copyedited version of an article published in Na-
ture Geoscience. Nature Publishing Group is not responsible for any errors or omissions in this ver-
sion of the manuscript or any version derived from it. The Version of Record is available online at
http://www.nature.com/ngeo/journal/v8/n9/full/ngeo2508.html
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between the ring-formation process and the shepherd moons has not been clear.
While principal regular satellites of giant planets such as Saturn's Titan and Jupiter's
Galilean satellites were likely formed in circumplanetary gas disks (Canup & Ward,
2006), recent models show that the increasing masses of inner regular satellites of
Saturn, Uranus, and Neptune with increasing distance from the central planet can
be explained by satellite accretion from particles spreading from an ancient massive
ring beyond the Roche limit (the distance beyond which particles can gravitationally
accrete) and subsequent outward migration (Charnoz et al., 2010; Canup, 2010; Crida
& Charnoz, 2012). As the surface density of the particle disk decreases due to
radial spreading, the mass of satellites formed from the disk as well as their rate of
outward migration due to gravitational interaction with the ring decreases (Hyodo
et al. 2015). Thus, multiple small satellites tend to co-exist near the disk outer edge
for a signicant period of time at the nal stage of satellite system formation.
4.2 Numerical Method
We perform N-body simulations of impacts between two such small satellites at the
radial location of the F ring in the gas-free environment (Figure 4.1). Previous stud-
ies of impacts between homogeneous rubble-pile satellites in such a region show that
colliding satellites can be easily disrupted completely even with impact velocities
much smaller than their mutual escape velocity (Karjalainen, 2007; Hyodo & Oht-
suki, 2014). On the other hand, observations by Cassini show that small moons near
the outer edge of Saturn's main ring were formed by accretion of porous icy particles
onto a dense core (Porco et al., 2007). As for the composition, the current rings
are more than 90 to 95 per cent water ice (Cuzzi et al., 2010), but silicates may
be hidden inside the moons (Charnoz et al., 2011). Thus, we assume that colliding
satellites have a rubble-pile structure with a dense core surrounded by a mantle of
small icy particles, and the core is assumed to be made of either silicate particles or
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a single larger icy particle (Section 4.5, Figure S4.1). Each of the colliding satellites
is described with 5; 000 smooth, spherical particles. Initially, the two satellites are in
synchronous rotation and moving in circular orbits with the dierence in their semi-
major axes (or impact parameter) b. We solve equations of motion (Hill's equation)
for all the constituent particles, taking account of their mutual gravity and inelastic
collision with restitution coecient 0.25. We conrmed in cases with homogeneous
aggregates that the dependence of simulation outcomes on the restitution coecient
is rather weak (Hyodo & Ohtsuki, 2014). Although dynamical evolution of the sys-
tem continues after the impact (Supplementary Information, Section 5), change in
masses of aggregates becomes negligible soon after the impact (Hyodo & Ohtsuki,
2014). Thus, each simulation is continued until such a quasi-steady state is achieved
(Methods).
4.3 Results
Depending on initial conditions, outcome of impact is either complete accretion or
partial disruption. Figure 4.2 shows time series of particles' spatial distribution in a
case of partial disruption, where two equal-sized satellites with silicate cores of 2%
volume fraction collide with each other with an impact parameter b = 1:9RH (RH is
the mutual Hill radius of the satellites). Impact velocity is as low as the satellites'
mutual escape velocity (Supplementary Information, Section 3), but the tidal eect
prevents accretion and the combined aggregate that is formed immediately after the
impact becomes elongated (Karjalainen, 2007; Hyodo & Ohtsuki, 2014). Afterwards,
mantle particles are ejected from the vicinity of the L1 and L2 Lagrangian points
of each satellite, and the two satellites become separated. Finally, two satellites
that are smaller than the original ones remain, each of them having a nearly intact
core covered with part of original mantle particles. At the end of the simulation,
ejected particles form three narrow radial bands; two of them are distributed rather
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widely outside of the orbits of the two remnant satellites, while the other ring has
a small radial width and is sandwiched between the two satellites (Supplementary
Information, Section 2). Owing to energy dissipation during the tidal elongation
immediately after the impact, the two remnant satellites acquire signicant orbital
eccentricities when they are moving away from each other and their semi-major axes
become separated. As a result, the dierence in their semi-major axes becomes large
enough to avoid orbital crossing after the impact in many cases (Supplementary
Information, Sections 1 and 5). On the other hand, groups of particles in the region
between the satellites' orbits experience small-scale gravitational instability while
they become elongated due to Kepler shear and form temporary aggregates (Hyodo &
Ohtsuki, 2014; Leinhardt et al., 2012), and collision between such aggregates splashes
particles also in the vertical direction (Supplementary Information, Section 2). After
the end state of our simulation, those particles outside the remnant satellites' orbits
are expected to spread out through interaction with the satellites and those in the
middle band and the remnant satellites are expected to form a system similar to the
F ring system (Figure 1; Supplementary Information, Section 5), but the details of
long-term evolution after the impact are beyond the scope of the present work.
After the impact, particles are distributed into one of the two remnant satellites or
either of the above three rings. Figure 4.3 shows the mass distribution in the quasi-
steady state as a function of impact parameter b. Degree of disruption also depends
on the satellite model (i.e., the density and the size of the core), and satellites with
a heavier core are more dicult to disrupt. However, the dependence of the overall
mass distribution on b is similar in all the four cases examined. Among the range
of b that leads to collision between the two satellites (1:75  b=RH  2:55), impacts
result in perfect accretion for intermediate values of b, while those with smaller or
larger values of b tend to produce a system with two remnant satellites and the
three bands of rings, one of them lying between the satellites' orbits. When partial
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disruption takes place, the ratio of the mass of the shepherded ring to that of the
total mass of the two remnant satellites takes on a wide range of values (0.0015 -
7.2) depending on the satellite model and impact parameter. In the case of a silicate
core with 2% volume fraction (top left) or a single icy core with ten times larger
than mantle particles (bottom right), a shepherded ring with mass comparable to
that of a remnant satellite can be formed. On the other hand, a larger core produces
a less massive ring (top right), while a smaller core produces a more massive ring
(bottom left). The current mass of the F ring is poorly constrained. The mass of the
dust component of the F ring is estimated to be on the order of 1012g23. Assuming
that such dust is produced by meteoroid impacts onto unseen small moonlets within
the ring, the total mass of the ring has been estimated to be comparable to that of
the shepherd satellites (Showalter et al., 1992), although mutual collision between
particles and/or aggregates within the ring seems to be more likely source for the dust
(Barbara & Esposito, 2002). Another estimate based on the near-uniform precession
of the strands in the ring also suggests a ring mass comparable to the mass of the
shepherd satellites (Murray et al., 1997). A more detailed estimate of the mass of the
F ring would provide constraints on the impact parameter and the internal structure
of progenitor satellites that produced the F ring system.
4.4 Discussions & Conclusions
Since accretion of small satellites from the circumplanetary particle disk and their
mutual collision near the disk outer edge is expected to be common at the nal stage
of the formation of the ring-satellite system (Crida & Charnoz, 2012), formation of
a system of a narrow ring accompanied by two satellites would take place multiple
times in the course of the disk evolution (Charnoz et al., 2010). If such a narrow ring
accompanied by satellites is formed when the disk is still massive and further accre-
tion of satellites proceeds, the formed shepherd satellites would undergo signicant
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outward radial migration through interaction with the disk (Charnoz et al., 2010;
Poulet & Sicardy, 2001). Then, the shepherded ring would also migrate outward
with the satellites as long as the orbits of the satellites and ring particles are kept
stable, but colliding particles within the ring begin gravitational accretion when their
orbits become suciently far from the planet. Thus, particles within the shepherded
ring as well as the shepherd satellites would accrete into satellite(s) or become part
of other satellites after signicant outward migration. Such a process likely repeated
many times, and the current F ring and its shepherd satellites would be the last one
created at the nal stage of the formation of Saturn's ring-satellite system (Charnoz
et al., 2010). This scenario seems consistent with the relatively young age estimated
for the F ring system (Poulet & Sicardy, 2001).
Although we assumed that initial rubble-pile satellites have dense cores as sug-
gested by the Cassini observation, homogeneous rubble-pile satellites without cores
could have existed in the radial location of the F ring. Collision between such homo-
geneous rubble-pile satellites results in either nearly complete accretion, or complete
disruption producing a single ring without remnant satellites (Leinhardt et al. 2012;
Supplementary Information, Section 4). In order to create a system similar to the
F ring from such a collision, two shepherd moons have to be on both sides of the
resulting ring by chance. Alternatively, partial disruption of one rubble-pile satellite
due to the tidal force would produce two narrow rings on both sides of the satellite's
orbit (Leinhardt et al., 2012). In this case, another satellite is needed to form a
system similar to the F ring system. In any case, the chance of creating the F ring
system from homogenous satellites seems to be rather low compared to the formation
by a collision between rubble-pile satellites with dense cores considered above. Thus,
the assumption of small satellites with a dense core is not only consistent with the
observation but also preferable from the point of view of the formation of the F ring
system.
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A narrow ring with two shepherd satellites is not unique to Saturn. The  ring
of Uranus is another example, and the model of the formation of satellites from
circumplanetary particle disks explains the relationship between masses and orbital
radii of the satellite system of Uranus (Crida & Charnoz, 2012). Thus, the  ring
and its shepherd moons would also likely have formed by collision between rubble-
pile satellites. Since the accretion of inner regular satellites from circumplanetary
particle disks seems to have taken place quite commonly for giant planets in our
Solar System, it is natural to expect similar processes for extrasolar giant planets.
This implies that systems of a narrow ring with tiny shepherd moons would also
exist rather commonly around extrasolar giant planets, although actual observation
of such systems should be extremely challenging.
Figure 4.1: (a) Schematic illustration for the formation of inner regular satellites from an ancient
massive ring (blue) around a planet (green). The ring spreads beyond the Roche limit (dashed line)
to form satellite seeds, and their successive accretion and radial migration create multiple-satellite
systems observed around giant planets (Charnoz et al., 2010; Canup, 2010; Crida & Charnoz, 2012;
Hyodo et al., 2015). (b) Schematic illustration for the formation of Saturn's F ring and its shepherd
satellites. Collision between two satellites formed at the nal stage of satellite system formation
produces two remnant satellites with three narrow rings. Rings outside the satellites spread out
after long-term evolution to leave a system similar to the F-ring system.
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Figure 4.2: Time series of spatial distribution of particles in a case of partial disruption of colliding
satellites. Top panels show snapshots of particle distribution seen from an oblique direction form the
x-y plane. Bottom panels show the distribution of particle surface number density, where brighter
colors represent denser regions, and the width of the area shown is 200 times the mutual Hill radius
of the colliding satellites both in the radial and azimuthal directions. T denotes the time elapsed
since the distance between the satellites becomes 2RH (see Methods), in units of the satellites'
orbital period.
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Figure 4.3: Mass distribution in the quasi-steady state as a function of the dierence in the initial
semi-major axes of colliding satellites. Top panels show the case of satellites with silicate cores with
a volume fraction of 2% (left) or 10% (right), respectively. Bottom panels show the case with a
single icy core larger than mantle particles by a factor of 5 (left) or 10 (right), respectively. Mass
fractions of the largest (red) and the second largest (blue) remnant satellites, particles on orbits
between the satellites (yellow), and particles outside of the satellites' orbits (green) are shown.
93
4.5 Details of Methods
We perform N-body simulations of impacts between two rubble-pile satellites in a
rotating Cartesian coordinate system (Hill coordinate system) (x, y, z). The origin of
the coordinate system is moving on a circular orbit at a0 = 140; 000 km from Saturn
(which roughly corresponds to the radial location of the F ring) with the Keplerian
angular velocity 
, the x-axis is pointing radially outward, the y-axis is pointing
toward the orbital motion, and the z-axis is perpendicular to the x-y plane. Suppose
that mass and position vector of particle i are given by mi and ri = (xi; yi; zi),
respectively. Then, linearized equations of motion of particle i are described as31;32
xi = 2
 _yi + 3

2xi +
NX
j 6=i
Gmj (xj   xi)
r3ij
yi =  2
 _xi +
NX
j 6=i
Gmj (yj   yi)
r3ij
(A1)
zi =  
2zi +
NX
j 6=i
Gmj (zj   zi)
r3ij
where rij = jri   rjj, and the last terms represent gravitational forces from other
particles. We perform N-body simulations by numerically integrating Eq. (A1)
expressed in non-dimensional forms (Nakazawa et al., 1989; Ohtsuki, 2012). The
simulation code we use is the same as the one used in our previous work (Hyodo
& Ohtsuki, 2014), where we conrmed agreement with another previous work (Kar-
jalainen, 2007) as a test of the code.
In our simulation, satellites are modeled as rubble piles that consist of smaller
particles. While their mantle is assumed to be composed of equal-sized small icy
particles with density of 0.9 gcm 3, two cases are considered for the core (Supple-
mentary Information, Figure S1): (i) aggregates of particles with the same size as the
mantle particles, but made of silicates with density of 3 gcm 3, and (ii) a single ice
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sphere with the same density as the mantle particles, but with a larger size. In each
case, two cases with dierent core sizes are examined. We also perform additional
simulations using homogeneous satellites without cores for comparison (Supplemen-
tary Information, Section 4).
Rubble-pile satellites are created by taking the following two steps (Hyodo &
Ohtsuki, 2014). First, a certain number (500 or 5,000; see below) of particles are
randomly distributed in a low-density sphere in isolation in free space, and we let
them collapse into their center of mass due to their mutual gravity. We assume that
particle collision at this stage is highly inelastic (the normal restitution coecient
is 0.1) so that relative motion of the particles is damped quickly. In the case of
a rubble-pile satellite with a core composed of silicate particles, we rst create a
rubble-pile satellite without a core in the above procedure, and then replace those
icy particles at the central region with silicate particles of the same size, according to
the assumed core size. In the case of a core with a single large icy particle, we allow
small particles to accrete onto the core in the above manner. Second, after a rubble-
pile satellite is formed, it is placed at the origin of the above Hill coordinate system,
and the gravitational force from Saturn is now turned on. The motion of particles is
integrated, and the satellite is deformed into an ellipsoid-like shape due to the tidal
force. In order to eliminate the inuence of the aggregate shape (Karjalainen, 2007;
Hyodo & Ohtsuki, 2014), we use aggregates that have nearly the same shape in all
the simulations, i.e., the ratio of the semi-axis lengths in the x, y, and z-directions
are Y=X ' 0:58 and Z=X ' 0:54, respectively.
We then perform impact simulations using these rubble-pile satellites. Two identi-
cal satellites are initially moving on circular orbits in the Hill coordinate system with
a radial separation b (i.e., impact parameter) and an azimuthal separation 100RH,
where RH = (2m=3MS)
1=3a0 is the mutual Hill radius of the colliding satellites, with
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m being the mass of each satellite and MS being Saturn's mass. The two satellites
are placed so that their center of mass is exactly at the origin of the coordinate
system, and initial velocities corresponding to the circular orbits of the satellites are
given to each of their constituent particles. Then their orbits are integrated using the
second order symplectic leap-frog method (Quinn et al., 2010), and pairs of colliding
particles are searched using the tree method (Rein & Liu, 2012). When a collision is
detected, velocity changes are calculated on the basis of the hard-sphere model. We
assume that particles are smooth spheres with the normal coecient of restitution
of 0.25.
The number of particles to represent rubble-pile satellites needs to be suciently
large to simulate orbital evolution and re-accumulation of fragments after the impact
with sucient resolution. On the other hand, integration of pre-impact orbits of the
satellites from the above-mentioned initial azimuthal separation is time-consuming
when the number of particles is large, because numerous collisions between particles
within each satellite needs to be solved for each time step. In fact, tidal deformation
of the satellites is negligible unless they come suciently close to each other, and
integration of the pre-impact phase can be done with a smaller number of particles.
Thus, in order to save computing time, we use 500 particles to represent each of
the rubble-pile satellites for integration in the pre-impact phase. When the distance
between the centers of mass of the two satellites becomes smaller than 2RH, the
position and velocity of their center of mass are recorded. Then each satellite is
replaced by the one represented with 5,000 smaller particles, approximately keeping
the shape and core size of the original one (this corresponds to time T = 0 in Figure
2). Subsequent evolution including impact between the satellites is simulated with
higher resolution using these satellites. We conrmed that the above procedure
does not aect our numerical results by comparing with cases where rubble-pile
satellites made of 5; 000 particles are used for the full trajectory. Orbital integration
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is continued until the system reaches a quasi-steady state, where further change in
masses of the largest and the second largest remnant aggregates can be neglected
(Hyodo & Ohtsuki, 2014).
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Supplementary Information
S4.1 Orbital Elements of Remnant Satellites
Figure SS4.2 shows the orbital eccentricity of each of the remnant rubble-pile satel-
lites (esat), scaled by reduced Hill radius h = (2m=3MS)
1=3 (m is the mass of the
original satellite), as a function of its semi-major axis relative to the origin of the
coordinate system (bsat), scaled by the mutual Hill radius RH. Dierent symbols rep-
resent dierent satellite models, and colors represent initial values of the dierence
in semi-major axes between the original two satellites. Note that collision between
two aggregates lead to perfect accretion in more than 50% of the cases examined,
and the marks representing such cases are clustered at the origin in Figure S2.
The solid line represents the relation
(esat=h) = (bsat=RH) = 3=4: (A2)
We can see that the numerical results roughly follow this line, regardless of the
satellite models or the values of the impact parameter b. This can be explained as
follows. The colliding satellites temporarily form a combined object, and then they
become elongated and the cores are gradually moving away from each other due to
the tidal force (Figure 2). In the Hill coordinate system, scaled orbital eccentricity
~ep  ep=h and scaled relative semi-major axis ~bp  bp=RH of a particle can be
expressed in terms of the x and y-components of the particle's position (~xp, ~yp) and
velocity (~vxp, ~yxp) expressed in non-dimensional forms, as
~e2p = ~v
2
xp + (3~xp + 2~vyp)
2 (A3)
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~bp = 4~xp + 2~vyp:
Here time is scaled by 
 1 (
 is the Keplerian angular velocity), and length is scaled
by RH. During the tidal deformation of the combined object immediately after the
impact, epicyclic motion of the constituent particles is largely restricted by other
surrounding particles. Thus the deformation proceeds rather slowly, with ~vxp '
~vyp ' 0. Substituting this relation into Eq.(A3), we nd ~ep ' (3=4)~bp. A similar
relation is satised for the orbital elements of the remnant satellites. After the tidal
elongation of the combined object proceeds, the remnant satellites begin epicyclic
motion without being hampered by other particles. Since the orbital elements of
the remnant satellites are nearly the same as those at the end of the preceding tidal
deformation stage, ~esat ' (3=4)~bsat is satised also in the quasi-steady state.
S4.2 Orbital Elements of Ejected Particles
Figure SS4.3 shows time series of the distribution of scaled orbital inclinations ~ip 
ip=h (upper half of each panel) and scaled eccentricities ~ep (lower half) as functions
of scaled semi-major axes relative to the origin of the coordinate system (~bp). Panels
(a) to (d) and (f) correspond to the ve panels in Figure 2. Immediately after the two
satellites come in contact with each other (Panel (a)), each of them still maintains
its individual shape. Thus two V-shape-like distributions are formed on the ~ep-~bp
plane, each of them corresponding to each satellite. A combined object formed after
the impact becomes elongated gradually due to the tidal force (Panel (b)), thus the
distribution of particles' orbital eccentricities follow the analytic relation (A2), which
is shown with the solid line. Then particles are ejected from the vicinity of the L1
and L2 Lagrangian points of the remnant satellites (Panel (c)), and the remnant
satellites begin epicyclic motion without being hampered by neighboring particles
(Panel (d)). Groups of particles ejected into the middle band collide with each other
violently at ~x ' 0. Orbital inclinations are signicantly enhanced by such collisions
(Panels (e) and (f)).
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In Panels (d) to (f), two diagonal bands can be seen at 0 < j~bj < 4. Each of these
corresponds to a group of particles that constitute each of the remnant satellites. The
slope of the diagonal bands oscillate according to the epicyclic motion of the satellites,
the stationary points at (~b; ~e) ' (2; 2) corresponding to the orbital elements of the
center of mass of each satellite. The horizontal and vertical extents of these diagonal
bands can be obtained as follows. When the scaled coordinates, velocity, and orbital
elements of the center of mass of a satellite are given by (~xc, ~yc, ~zc), (~vxc, ~vyc, ~vzc),
and (~bc, ~ec), they satisfy the relation (A3). Because the remnant satellite moves as
one body, velocity of all the constituent particles is also given by (~vxc, ~vyc, ~vzc) when
the satellite's tidal deformation is negligible. However, if the motion of each of the
constituent particles is described in terms of instantaneous scaled orbital elements
(~bp, ~ep), they are dierent from (~bc, ~ec) because of the oset of the particle's position
from the center of mass of the satellite. For example, if a particle's position within
the satellite is oset from the center of mass by x in the x-direction, the particle's
orbital elements can be written as
~bp = ~bc + 4 (x=RH) (A4)
~ep =
q
~e2c + 9(x=RH)
2 + 6(x=RH)~ec cos(t)
where (t) is the horizontal orbital phase. Equation (A4) shows that the dierence
between ~bp and ~bc is proportional to the oset x. On the other hand, the eccentricity
~ep oscillates according to the epicyclic motion of the satellite. The amplitude of the
oscillation depends on x, and the maximum and the minimum values are ~ec 
3x=RH.
Figure SS4.4 shows time series of histograms of particle numbers as a function
of ~b. We can see that particles ejected from the satellites form three radial bands
(Panels (d) and (e)). Note that those particles that constitute the remnant satellites
are also included in these plots, and such particles have semi-major axes 0 < j~bj < 4
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(Figures SS4.3(d) to (f)). The boundaries of the three bands become unclear due to
collision and gravitational scattering between particles (Panel (f)).
S4.3 Hill Radius and Velocity in Physical Units
In our simulations, we integrate equations of motion that are expressed in non-
dimensional forms by scaling length by the mutual Hill radius RH of the colliding
satellites and time by the inverse of the Keplerian orbital frequency of the satellites

 1. Thus, our results can also be applied to ring-satellite systems other than the
Saturnian system. However, since our primary interest in the present work is the
origin of Saturn's F ring, here we give values of the Hill radius and typical impact
velocities in physical units for the case of the F ring.
From the results of our simulations in which a shepherded ring with mass compa-
rable to the mass of a shepherd satellite is formed (i.e., top left or bottom right panels
in Figure 3), the total mass of the remnant satellites is about 20-40% of the total
mass of the original satellites. On the other hand, the total mass of Prometheus and
Pandora, the shepherd satellites of the F ring, is about 31020 g (Thomas, 2010).
Thus, if these two satellites were formed by collision between two equal-sized pro-
genitor satellites, the total mass of the progenitor satellites can be roughly estimated
as  11021g, and the mass of each progenitor satellite is about 51020g. In this
case, the mutual Hill radius of the satellites is RH  120km, which corresponds to
the unit of length in Figures S2, S3, S4, S7, and S8.
Next, in the case of collision between two satellites initially on circular orbits as
examined in the present work, impact velocity is approximately given by the mutual
escape velocity of the colliding satellites (Hyodo & Ohtsuki, 2014). The mutual
escape velocity of two spherical satellites that have the same mass as the above
progenitor satellites and the bulk density of 0.5 gcm 3 is 33 ms 1, and the impact
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velocity between the above progenitor satellites is expected to be close to this value.
On the other hand, particles ejected after the impact have random velocity vran much
larger than their mutual escape velocity. In terms of particle's orbital eccentricity
ep and inclination ip, we have vran 
q
e2p + i
2
pa0
, and the impact velocity between
particles is approximately given by vran. If we use eccentricity and inclination scaled
by the reduced Hill radius h, we have vran 
q
~e2p +~i
2
pvH; vH = RH
 is the Hill
velocity dened in terms of the mutual Hill radius RH for the colliding progenitor
satellites, and we have vH  14 ms 1 for the satellite mass estimated above. Figure
S3 shows that impact velocity between ejected particles is on the same order as vH.
S4.4 Complete Disruption of Homogeneous Rubble-Pile Satel-
lites
Previous N-body simulations of impacts between homogeneous rubble-pile satellites
in the tidal eld focused on accretion eciency (Hyodo & Ohtsuki, 2014; Karjalainen,
2007). However, partly because of a rather small number of particles (N < 103) used
in simulations, these studies did not examine particles' spatial distribution after im-
pact. We also perform simulations of impacts between two homogeneous satellites,
which are represented by 104 equal-sized particles in total and do not have dense
cores. Numerical results show that typical outcome of impacts between such homo-
geneous satellites is either complete accretion or complete disruption. Figures SS4.5
and SS4.6 are similar to Figure 2, and Figures SS4.7 and SS4.8 are similar to Figures
SS4.3 and SS4.4, but now an example of impact between homogeneous satellites that
results in complete disruption is shown (~b = 1:9). In this case, collisional disruption
produces a single ring, as in the case of tidal disruption of a single rubble-pile satellite
(Leinhardt et al., 2012).
102
S4.5 Long-Term Evolution of the System
Our simulations were stopped when change in the masses of remnant satellites be-
comes negligible. In our successful cases for the formation of the F ring system, two
remnant satellites and three narrow radial bands of ejected particles were formed at
this nal state (Figures 2 and 3). However, this is not a dynamically steady state,
and the system continues dynamical evolution through gravitational interaction be-
tween the remnant satellites and particles for many synodic periods. Here, we briey
discuss subsequent dynamical evolution that is expected for the remnant satellites
and bands of particles created by an impact.
As we have discussed above, orbital elements of the remnant satellites roughly
follow the relation ~esat = (3=4)~bsat. Although numerical results in Figure S2 show
scattering about this relation, we nd ~esat < j~bsatj in most cases. While the orbits of
two remnant satellites that satisfy this condition would not cross after the impact as
long as eects of their mutual gravity can be neglected, they will re-impact with each
other due to mutual gravity when they are on nearly circular orbits with a dierence
in their semi-major axes less than  2:5RH. In order to examine the fraction of
cases where the remnant satellites avoid re-impact with each other and with the
middle ring, we counted the number of cases where the conditions jbsatj > 2:5RH and
esat < jbsatj are satised. We found that out of the total of 132 cases examined (Figure
S2), the above conditions are satised in 30 cases (23%). The relative semi-major
axis between the remnant satellites becomes larger than 2:5RH in 43 cases (33%);
in these cases re-impact between the satellites would be avoided. However, even
when a second collision occurs, another partial disruption could occur and some
more particles would be removed from the satellites and added to the rings, and
eventually the two satellites would be separated enough to avoid further collisions.
Ejected particles also continue dynamical evolution through interactions with the
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remnant satellites and other particles. While those particles distributed into the
middle band are expected to become shepherded by the satellites, those in the two
bands outside of the satellites' orbits would spread out through interaction with
the satellites, eventually leaving a system similar to the F ring system (Figure 1).
However, in order to clarify details of such long-term evolution of the system after
the end state of the present work, further studies are required.
Figure S4.1: Four satellite models used in the present work (see Methods). Cross sections as seen
from the direction of orbital motion are shown. Top panels show the case of a core composed of
equal-sized silicate particles (shown in red) with density of 3gcm 3 surrounded by a mantle of icy
particles (shown in blue) of the same size but with density of 0.9gcm 3. Volume fraction of the
silicate core in each case is 2% (top left) and 10% (top right), and the corresponding mass fraction
of the core is 0.032 and 0.135, respectively. Bottom panels show the case where the core is made of
a single large icy core, whose density is the same as the mantle particles but the size is ve (bottom
left) or ten (bottom right) times larger than that of the mantle particles.
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Figure S4.2: Orbital eccentricities (in units of h) of the largest and the second largest remnant
satellites are shown as a function of their semi-major axes relative to the radial location of the
center of mass of the original colliding satellites (in units of RH). Dierent symbols represent
dierent satellite models (Figure S1); cases of a silicate core with 2% (triangles) or 10% (circles)
volume fraction, and cases of a single icy core with size ve (squares) or ten (crosses) times larger
than mantle particles. Colors represent impact parameter b in units of RH. The solid and the
dashed lines show the relations e=h = (3=4)b=RH and e=h = b=RH, respectively.
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Figure S4.3: Time series of the distribution of orbital inclinations (upper half of each panel) and
eccentricities (lower half) as functions of semi-major axes relative to the origin of the coordinate
system (i.e., F ring location, r = 140; 000km). Eccentricities and inclinations are shown in units of
h, while the relative semi-major axes are shown in units of RH. The blue solid lines represent the
relation (B1). The case of satellites with silicate cores of 2% volume fraction (Figure S1, top left
panel) is shown. The impact parameter of the colliding satellites is b = 1:9RH. Panels (a) to (d)
and (f) correspond to the ve panels in Figure 2.
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Figure S4.4: Time series of histograms of particle numbers as a function of the relative semi-major
axis. Particle numbers are shown in units of the total particle number in the system (Ntot = 10; 000).
The case of satellites with silicate cores of 2% volume fraction is shown. The impact parameter of
the colliding satellites is b = 1:9RH.
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Figure S4.5: Same as the top panels of Figure 2, but the case of impacts between homogeneous
satellites without cores is shown (b = 1:9RH).
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Figure S4.6: Same as the bottom panels of Figure 2, but the case of impacts between homogeneous
satellites without cores is shown (b = 1:9RH).
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Figure S4.7: Same as Figure SS4.3, but the case of impacts between homogeneous satellites without
cores is shown (b = 1:9RH).
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Figure S4.8: Same as Figure SS4.4, but the case of impacts between homogeneous satellites without
cores is shown (b = 1:9RH).
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Chapter 5
Ring Formation around Giant
Planets by Tidal Disruption of a
Single Passing Large Kuiper Belt
Object
5.1 Introduction
The origin of planetary rings is still a debated question. Saturn's main rings are
unique as they are made of 90-95% of water ice (Cuzzi et al., 1998; Poulet et al.,
2003; Nicholson et al., 2005) with mass  1019 kg (Esposito et al., 1983; Charnoz
et al., 2009). In contrast, rings of Uranus and Neptune are dark and likely to have
a higher rock content (Tiscareno et al., 2013) than Saturn's rings. Whereas dusty
Saturn's E and G rings are likely to be formed via the destruction or surface erosion
of the nearby present satellites (Esposito, 2014; Colwell, 1994; Burns et al., 2001;
Hedman et al., 2007; Porco et al., 2006), Saturn's main rings cannot result from the
same process as there is no obvious source of material to feed them today. Note
however, that a recent study shows that the origin of Saturn's F ring and Uranian
 ring could be a natural consequence of the collisional destruction between small
satellites just outside the main rings (Hyodo & Ohtsuki, 2015) that is formed by
spreading of ancient rings (Charnoz et al., 2010; Crida & Charnoz, 2012; Hyodo et
al., 2015).
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Several ring formation scenarios have been proposed for massive rings, like those
of Saturn : (1) primordial satellite collisional destruction by passing comet (Pollack
et al., 1973; Pollack, 1975; Harris, 1984), (2) tidal destruction of a primordial satellite
at the Roche Limit after inward migration due to tidal interaction with the circum-
Saturn gas disk (Canup, 2010) and (3) tidal disruption of passing objects (Dones,
1991). The inward migration of a primordial Titan-sized satellite and the removal
of only its pure icy mantle could beautifully explain the silicate decit of Saturn's
rings. However, it requires somewhat ne-tuning of the timing of the event (likely
at the end of the evolution of the circum-Saturn circumplanetary disk) so that the
disk is still massive enough to allow inward migration of the satellite, but light
enough in order to prevent the rapid infall of the debris into the planet because of
gas drag. In addition, it would be dicult to directly form centimetre-to-meter-
sized particles that is currently seen in Saturn's main rings by only tidal destruction.
Canup (2010) proposes collision between fragments can form small particles but
detail studies are still required. Tidal disruption of a passing dierentiated object
also could potentially explain the high ice/rock fraction by capturing only the icy
mantle of the incoming body and letting the remnant core escape from the Saturn's
gravity eld. However, so far, this scenario has been scarcely studied and only using
a simplied analytical model of a homogeneous body (Dones, 1991; Charnoz et al.,
2009). Thus direct numerical simulation of the tidal splitting of a big dierentiated
body is necessary now to investigate this scenario in detail. In addition, even though
some mass capturing occurs, the fragments are expected to have large eccentric orbits
around the planet and the long-term evolution of such fragments remains unclear,
in particular by which process how a ring of cm-sized particles forms. In this work,
we, for the rst time, investigate the details of tidal disruption of a passing large
dierentiated object and the long-term fate of its debris by using direct simulations.
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Such an event may have occurred, with the most probability, either during the
phase of planet formation where the giant-planet's cores are expected to scatter e-
ciently the neighbouring planetesimals, or, later during the Late Heavy Bombardment
(LHB). The well known "Nice model" explains not only the Lunar cataclysm or the
today's orbital architecture of giant planets (Gomes et al., 2005) but also the implan-
tation of irregular satellites around giant planets (Tsiganis et al., 2005; Gomes et al.,
2005; Morbidelli et al., 2005). During this instability phase, giant planets could have
experienced a signicant number of close encounters with bodies scattered from the
primordial Kuiper belt that surrounded the giant planets. This belt could have been
signicantly massive and may have contained a larger number of big objects than
currently observed in the Kuiper Belt (Levison et al., 2008). Charnoz et al. (2009)
estimated an encounter rate of the primordial Kuiper Belt Objects (KBOs) with
the giant planets during the LHB and investigated the captured mass around giant
planets using a simplied analytical model assuming homogenous small bodies like
comets. The ux of such undierentiated small bodies are enormous and isotropic,
and thus the average angular momentum of captured mass should be almost zero,
resulting in no contribution to the formation of the rings. However, only a single
tidal disruption of a large object that deviates from the average could decide the
story, and such large objects could be expected to be dierentiated like Pluto.
Here we use two dierent direct simulations and investigate successive process
from tidal destruction of a passing object to the possible formation of planetary rings
(Figure 5.1). Our work will address (1) the captured mass as well as the ice/silicate
fraction during the tidal disruption of dierentiated bodies at dierent planets, (2)
the orbits of the captured fragments, and (3) the long-term orbital and collisional
evolution of the captured fragments. To do so, rst, we investigate the physics of
tidal disruption of a dierentiated object that is initially on a hyperbolic orbit about
Saturn or Uranus and calculate how much mass is gravitationally captured around
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these planets by using smooth particle hydrodynamics (SPH) simulations. Then,
we perform direct N-body simulations in order to see the longer-term evolution of
such captured fragments around Saturn including the eect of oblateness potential
of the planet. In section 2, we briey review previous analytical formula of the
capture eciency of tidal disruption in the light of our newly derived semi-analytical
models that takes into account spins and self-gravity of a dierentiated object. In
section 3, we explain our SPH method and model. In section 4, we show the results
from SPH simulations and discuss the mass capture eciency as well as orbits of
captured fragments. In section 5, using the data obtained from SPH simulations, we
perform N-body simulations of such captured fragments and show their longer-term
evolutions and discuss their fate with our analytical estimation. Section 6 summarises
our simulations and discusses the origin of planetary rings.
Figure 5.1: Schematic illustration of our ring formation scenario via tidal disruption. Dashed line
represents the Roche limit of the planet. (a) A large passing object (blue) experiences a close
encounter with a giant planet (brow n) and is tidally destructed. (b) As a result of tidal disruption,
some fragments are gravitationally captured into orbits with large eccentricities. (c) Planetary tides
precess the orbits of captured fragments and form a torus-l ike structure, and thus orbital crossing
occurs and highy energetic collisions are enhanced. (d) Due to collisional damping/grinding as
well as successive tidal destructions, fragments settle into thin equatorial circular rings a round the
planet.
5.2 Physical Argument
5.2.1 Previous Analytical Model
Dones (1991) derived the mass that is captured on bound orbits around a planet
during tidal disruption at a close encounter. Assuming uniform energy distribution
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across the body, the amplitude of energy variation is,
E =
GM0
q
 R
q
(5.1)
where G, M0, q and R are the gravitational constant, the mass of the planet, peri-
center distance and radius of the body, respectively. The mass fraction that is cap-
tured with E < Esta is obtained assuming energy distribution is uniform between
 0:9E + 0:5v2inf and 0:9E + 0:5v2inf as
 =
Mbound
Mobject
=
0:9E + Esta   0:5v2inf
1:8E
(5.2)
where vinf is the velocity of the object at innity and we take Esta =  GM0=RHill
where RHill is the planet's Hill radius. Equation 5.2 (hereafter we call this Dones'
formula) has been used to estimate mass captured around giant planets in Charnoz
et al. (2009). However, it has not been well established if this formula is applicable
in any case.
5.2.2 Semi-Analytical Model: Eects of Spin and Self-gravity
The above Dones' formula considers only ballistic orbits for all constituent particles
of the body. However, the spin state of the body as well as the body's self-gravity
could play an important role on the capture eciency, especially, when the body is
massive. Here, we consider a spherical body located at pericenter during its close
encounter with Saturn (mass MS). We three-dimensionally divide a cubic box that
contains the body into N3 cells by using a cartesian grid, with N = 100 along 1-
dimension. The box width is 1:1 diameter of the spherical body and the object's
center of mass is located at the center of the box. Each cell i within the body has its
mass mi, position ri and velocity vi relative to Saturn's center. Then, we calculate
energy Ei =
1
2
miv
2
i   GmiMSri of each cell, and assume any cell that satises Ei < 0
is gravitationally captured around Saturn. The body is a dierentiated spherical
body of the mass Mbody = 10
21kg or 1023kg and the mass fraction of the core is 0.5.
The densities of the core and the mantle are 3000kg/m3 and 900kg/m3, respectively.
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Using the above procedure, we calculate the capture eciency at dierent pericenter
distances ranging from 25  106km to 100  106km . Figure 5.2 shows an example
of our modelled passing body with pericenter distance 7  106km and velocity at
innity vinf = 3km/s.
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Figure 5.2: Internal structure (left panel) and the distribution of total energy (right panel) within a
passing body on a hyperbolic orbit to Saturn. The body is at the pericenter at 7104km seen from
the normal directio n to the orbital plane in the center of mass frame of the object coordinate and
the relative velocity at innity is vinf = 3km/s. Saturn is to the left. On the left panel, dierent
colours represent dierent densities o f the components as red and blue corresponding rock and ice,
respectively. On the right panel, the colour contour represents the total energy (kinematic energy
+ potential energy) of a cell.
Eects of Spin
Figure 5.3 shows the capture eciency obtained by our semi-analytical model de-
scribed above. We include the spin velocity around the object's center of mass with
spin period Tspin = 8h in the prograde or retrograde direction. Here, prograde rota-
tion means that the body rotates in the same direction as its orbit. Closer to Saturn,
the energy decreases due to the Saturn's potential eld. Therefore, inside the body,
cells closer to Saturn are more prone to have negative energy. However, with retro-
grade spin, the radial inner half of the body has a higher spin velocity in the same
direction as its orbital velocity at pericenter, and thus achieves larger relative velocity
at pericenter compared to the no spin case. Therefore, capture eciency becomes
lower in the case of retrograde spin. In contrast, when a body has prograde spin, the
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radial inner half of the body has a smaller relative velocity with respect to Saturn,
resulting in a larger capture eciency as seen in Figure 5.3.
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Figure 5.3: Capture eciency (Mcap=Mbody) at dierent pericenter distances, including dierent
spin states of the body. Left and right panels show the case of Mbody = 10
21kg and 1023kg,
respective ly. In the panels, black and red lines represent prograde and retrograde spins with the
spin period Tspin = 8h, respectively. Purple line is the case of no spin.
Eects of Self-gravity
During the tidal disruption of a passing body on a parabolic orbit, Dones' formula
assumes that the body is instantaneously destructed and that the inner half is cap-
tured and the outer half escapes (Thus, the capture eciency becomes 0.5). Since
a passing object on a hyperbolic orbit has a non-zero value of velocity at innity,
the capture eciency should be smaller than 0.5 when there is no spin. Therefore,
a larger amount of mass escapes from planet's gravity eld than that of captured.
Dones' formula nor the above formula includes the eect of self-gravity between com-
ponents of the body. However, the escaping fragments could gravitationally attract
other non-captured fragments, and thus, more fragments could escape. The specic
gravity of the passing object can be expressed as Egrav =  GMbody=r, where r is
the distance from the center of mass of the object. Therefore, the object's gravity
becomes stronger as the mass of the object becomes larger, and thus, the eect of
self-gravity could play signicant roles on the capture eciency at larger body.
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Thus, we model the eect of self-gravity by considering what we call "Hill cap-
ture". We calculate the Hill radius of the escaping mass RHill;esc =

Mesc
3MS
1=3
aesc,
where aesc is the distance between Saturn and the center of mass of the escaping
mass. Cells that satisfy Ei < 0 but within the Hill sphere of escaping fragments are
considered as Hill captured by the escaping material. Therefore, the mass that is
captured by Saturn is the mass that is Ei < 0 and lies outside the Hill sphere of the
escaping mass.
Figure 5.4 shows the capture eciency including Hill capture. Compared to Fig-
ure 5.3, the self-gravity lowers the capture eciency especially at larger pericenter
distance. This is because, as the pericenter distance increases, the escaping mass
as well as the Hill radius increases, and thus Hill capture becomes more ecient.
Compared to Dones' formula, in the case of Mbody = 10
23kg the captured mass is
always lower than the Dones' formula. However, when Mbody = 10
21kg, the capture
eciency could become larger than Dones' formula (see the case of retrograde spin
in Figure 5.4 left panel). In this case, it seems that the eect of spin dominates over
the eect of self-gravity.
The capture eciency could be either larger or lower than Dones' formula as
seen in Figure 5.4, depending on spin state and size of the body. Therefore, it is
crucial to consider the actual spin state of the body at pericenter. As we show
in the next section, the spin at pericenter could be signicantly dierent from the
initial spin state at innity due to the planet tidal torque. In addition, the object is
tidally deformed during the close encounter and may be far from spherical at closest
approach (see next section). Therefore, even though our above procedures predict
better capture eciency than Dones' formula, direct simulations would be necessary
in order to obtain a more accurate result. Note that the classical denition of the
Roche limit is the critical distance within which a self-gravitational object separates
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due to tides and this implicitly assumes an innite duration of the body experiencing
the tidal force. However, since the time spent in the Roche limit by a passing object
on a hyperbolic orbit is limited, the tidal disruption and fragment capture around a
planet occur only well inside the Roche limit (see also Figures 5.8 and 5.12).
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Figure 5.4: Same as Figure 5.3 but includes the eects of both spin and self-gravity called "Hill
capture".
5.3 SPH Methods and Models
Using the smoothed particle hydrodynamics (SPH) method, we perform simulations
of large dierentiated bodies passing close to Saturn or Uranus in order to understand
the detailed physical process of tidal destruction. The SPH method is a Lagrangian
method (Monaghan, 1992) in which hydrodynamic equations are solved by consid-
ering averaged values of particles through kernel-weighted summation. We applied
the Tillotson equation of state (Tillotson, 1962) to calculate the pressure from the
internal energy and density. For the articial viscosity, we use a Von Neumann-
Richtmyer-type viscosity with the standard parameter sets ( = 1:0 and  = 2:0).
Our numerical code is the same as that is used in Genda et al. (2015a,b) and more
details are described in their papers.
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The passing body is assumed to be dierentiated with 50w% silicate core repre-
sented by basalt and 50w% icy mantle represented by water ice. We used the pa-
rameter sets of basalt and water ice for Tillotson EOS listed in Melosh (1989). The
total mass of the body is set to be Mbody = 10
21 or 1023kg. We use the total number
of N = 100; 000 SPH particles. In our simulations, the gravity of the planet is also
taken into account. Saturn and Uranus are represented by a point mass located at
the origin of the coordinate system and whose masses areMSaturn = 5:691026kg and
MUranus = 8:68  1025kg, respectively. The initial spherical body for our encounter
simulations is created by distributing the SPH particles in a 3D lattice (face-centered
cubic) and then by preforming SPH calculation in isolation until the velocity of par-
ticles are much smaller than the escape velocity of the sphere.
Initial positions and velocities of all particles follow a hyperbolic orbit around the
planet given analytically with initial distance to the planet set to 3:0  105 km for
Saturn and 1:5 105km for Uranus, which are about two times of the Roche limit of
water ice material. These initial distances are large enough to avoid the tidal eect of
the planet (Hyodo & Ohtsuki 2014). The hyperbolic orbit is entirely determined by
the pericenter distance q and the velocity at innity vinf . In our work, we investigate
the dependence on pericenter distance but assume a xed velocity at innity vinf =
3:0km/s for Saturn and vinf = 2:0km/s for Uranus which are the expected values
during the LHB (Charnoz et al., 2009). We note that changing the value of velocity
at innity strongly aects the outcome. Therefore, the outcome is sensitive to the
encounter states and we will leave this matter for a future work. We also investigate
the eect of initial spin state of the passing body. The spin-axis of the initial spherical
body is perpendicular to the orbital plane with either prograde or retrograde spin to
the direction of the hyperbolic orbit with the spin period Tspin = 8h. Such rotation
period is common in the trans-Neptunian belt (Thirouin et al., 2014). We stop our
calculation when the mass evolution (e.g. captured mass) in the system achieves a
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steady-state.
5.4 Numerical Results
5.4.1 Case of Homogeneous Body
First, we consider the simplest case where the passing body is homogeneous and
made of water ice. We perform SPH simulations of close encounters with Saturn
with vinf = 3km/s. Then, we calculate mass that is gravitationally captured around
planets. Figure 5.5 shows the captured mass (blue points) against dierent pericenter
distances of the passing object and comparison to the the Dones' formula (Equation
5.2). Data obtained from SPH simulations are in a very good agreement with Dones'
formula when the pericenter distance is below 8:3 107m but sudden deviations are
seen at larger distances. Figures 5.6 and 5.7 show snapshots of our simulations for
pericenter distances q = 7:0  107m and q = 9:1  107m, respectively. When the
pericenter distance is small enough (q  8:3  107m), the passing body experiences
strong tides and is elongated homogeneously into a needle-like structure. Then,
due to a small scale gravitational instability the body splits into several similar-
sized clumps (Figure 5.6). However, for pericenter distances large enough (q >
8:3  107m), tides are weaker and the body is no longer stretched, and the body
is split into a fewer number of dierent sized larger clumps (Figure 5.7) which is
dierent from the description in Dones (1991) that assumes the uniform distribution
of the energy in the fragments. Therefore, it seems that Dones' formula is valid when
the body experiences an encounter very close to the planet as long as the body is
homogeneously elongated. We now return to the case of a dierentiated body.
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Figure 5.5: Capture eciency (Mcap=Mbody) of a homogeneous body (Mbody = 1  1023kg) that
experiences a close encounter with Saturn with vinf = 3km/s. Blue dots are obtained from SPH
simulat ions and dashed line represents Dones' formula (Equation 5.2).
123
Figure 5.6: Snapshots of tidal disruption of Mbody = 11023kg homogeneous body (q = 7:0107m
and vinf = 3km/s) seen from the normal direction to the orbital plane in the center of mass frame of
the object coordinate. The right top arrow points toward Saturn. The black horizontal line shows
the Hill radius considering the object that has the initial mass. The distance to Saturn as well as
time since the simulation starts ar e also shown.
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Figure 5.7: Same as Figure 5.6 but case for q = 9:1 107m and vinf = 3km/s.
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5.4.2 Captured Mass Around Giant Planets
Figures 5.8 shows the capture eciency around Saturn obtained from our SPH sim-
ulations (dots) for incoming dierentiated bodies with masses Mbody = 10
21kg (left
panels) and 1023kg (right panels) as well as Dones' formula (dashed line). The dif-
ferent coloured dots represent the silicate mass fraction of the total captured mass
(Msil;cap=Mcap;tot). The light blue regions in the panels represent within the radius of
the planet, and thus such encounters actually never occur (Here, in order to under-
stand detail physics of tidal disruption, we consider these cases).
Like in the case of a homogeneous body, numerical results deviate from Dones'
formula. The slight jump observed in the capture eciency in the case of prograde
and non-spin cases (e.g. between 5:6 107m and 6:3 107m in the case of Mbody =
1023kg with no initial spin) corresponds to the point where the core starts to be also
tidally destroyed (see also Figures 5.9 and 5.10). As discussed in the previous section,
in the case of a light object (case of Mbody = 10
21kg, left panels), the prograde spin
eects dominates over self-gravity eect (Hill capture) and thus more mass than
that predicted by Dones' formula is captured. Conversely, in the case of a heavier
object (case of Mbody = 10
23kg, right panels), the eect of self-gravity (Hill capture)
dominates and more mass escapes (thus, the capture eciency decreases).
On the other hand, in the case of retrograde spins (both left and right bottom
panels in Figures 5.8), neither of Dones' formula nor our semi-analytical model is
applicable. In addition, at small pericenter distance (below 5  107m), capture ef-
ciency becomes constant at around 0.08. During the close encounters, an object
with an initial retrograde is spun up in the prograde direction by tidal forces and
experiences a major and continuous complex change of its shape. We also conrm
the increase of the internal energy of the constituent SPH particles during the en-
counter. Thereby the body heats up and mostly ends up in splitting into two large
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objects (Figure 5.11), but the increase of internal energy is not enough to melt the
icy material. These eects are not included neither in Dones' formula nor our semi-
analytical model. However, in the case of prograde and no-spin case, even though
our semi-analytical model cannot reproduce numerical results, it is still better than
Dones' formula as it includes spin eects and self-gravity (Hill capture).
Figure 5.12 is the same as Figure 5.8 but for the case of Uranus. General trends
of the capture eciency are similar to the case of Saturn. However, since the density
of Uranus is larger than that of Saturn, the passing object can physically pass deeper
inside the potential eld of the planet. Thus, the objects can be more signicantly
tidally destroyed than the case of Saturn without directly colliding the planet (outside
the light blue region in the gure), resulting in higher silicate fraction of the captured
mass.
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Figure 5.8: Capture eciency (Mcap;tot=Mbody) around Saturn. Data obtained from SPH
simulations are shown by lled dots with the colour representing captured silicate fraction
(Msil;cap=Mcap;tot). Dones' formula is represented by dashed line. Left and right panels show cases of
Mbody = 10
21; 1023kg bodies, respectively. From top to bottom panels, the case of initial prograde
spin (Tspin = 8h), no spin, retrograde spin (Tspin = 8h) are shown, respectively. The light blue
region corresponds to the region inside Saturn.
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Figure 5.9: Snapshots of tidal disruption of a Mbody = 1  1023kg dierentiated body (initial
prograde spin with the spin period Tspin = 8h, q = 5:6  107m and vinf = 3km/s), seen from the
norm al direction to the orbital plane in the center of mass frame of the object coordinate. Red
colour represents silicate core and blue colour represents icy mantle. The top right arrow points
toward Saturn. Bottom black horizontal line is the Hill radius of object assuming initial mass.
Distance to Saturn as well as time are also shown. On the top two panels, the velocity of particles
in the center of mass frame are shown for some particles.
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Figure 5.10: Same as Figure 5.9 but for a body with Mbody = 11023kg, Tspin =1, q = 7:0107m
and vinf = 3km/s
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Figure 5.11: Same as Figure 5.9 but for a body with Mbody = 1  1023kg, retrograde spin with
Tspin = 8h, q = 4:2 107m and vinf = 3km/s
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Figure 5.12: Same as Figure 5.8 but for Uranus.
5.4.3 Orbits of Captured Fragments and Resulting Ring Mass
In this section, we discuss the orbits of captured fragments. During the encounter,
the orbital kinematic energy is redistributed among the fragments and thus it changes
their semi-major axes. Then, due to the conservation of the orbital angular momen-
tum, captured fragments have smaller eccentricities and escaping fragments have
larger eccentricities than that initially the body has. The eccentricity distribution
depends on the initial size of the body in a way that the distribution is in a wider
range for an initially larger body as it can be more elongated by tides. Consider-
ing the conservation of the specic orbital angular momentum of a passing object
J0 =
q
M0Ga(1  e2), we can derive relationship between semi-major axis a and
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eccentricity e as
e =
s
1  J
2
0
M0Ga
: (5.3)
Figure 5.13 shows eccentricities of the captured fragments (black dots) as well as
Equation 5.3 (case of Mbody = 1  1021kg (left panel) and 1023kg (right panel),
prograde spin with Tspin = 8h, q = 7:0  107m and vinf = 3:0km/s around Saturn).
The slight increase of the eccentricities of SPH data from the analytical estimation
is due to the angular momentum transfer from the orbital angular momentum to the
spin angular momentum of the body during the encounter.
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Figure 5.13: Eccentricities of captured fragments against their semi-major axis as well as an an-
alytical estimation shown by a black curve (Equation 5.3) in the case of Mbody = 10
21kg (left
panel) and 1023kg (right panel), respectively (prograde spin with Tspin = 8h, q = 7:0  107m and
vinf = 3:0km/s around Saturn). Black dots are those obtained when SPH simulation is terminated
(T = 0 year for N-bo dy simulation). Blue dots are those obtained by N-body simulation at T = 3:6
years.
Thus, captured fragments have large eccentricities around 0:9 (case of 1023kg
body) and 0:98 (case of 1021kg body). Our SPH simulations are stopped before
the captured fragments reach their apocenter. However, if their apocenter distance
is larger than the planet's Hill radius, or their pericenter distance is smaller than
planet's radius, then they will either escape from or collide with the planet, so that
they cannot be incorporated in the rings. Figures 5.14 and 5.15 show pericenter
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distances and apocenter distances of captured fragments in our SPH simulations
(Note that, in the gures, dierent coloured dots represent initial dierent pericenter
distances of the passing objects). In the panels, the red area corresponds to the
region where fragment's apocenter is larger than the Hill radius of the planet and
the blue area is where their pericenter is smaller than the planet radius. In Figures
5.8 and 5.12, the mass of the captured fragments outside the red region is summed
up and shown.
Now, we discuss how much mass can be incorporated in the rings. First, we
calculate equivalent circular orbital radius of the captured fragments using their
center of mass position and velocities as
aeq = asim

1  e2sim

(5.4)
where asim and esim are semi-major axis and eccentricity obtained from SPH simula-
tions. Then, any fragments that satisfy
aeq > Rpla (5.5)
as well as
rperi > Rpla and rapo < RHill (5.6)
where Rpla is the radius of the planet, rperi is the pericenter distance, aapo is the
apocenter distance and RHill is the Hill radius of the planet, are counted as ring
mass; which are those in the white region in Figures 5.14 and 5.15.
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Figure 5.14: Pericenter and apocenter distances of the center of mass of the captured fragments
around Saturn. Left and right panels show the results for Mbody = 10
21kg and 1023kg, respectively.
The light blue region is within Saturn's radius and light red region is outside the Hill radius of
Saturn. Dierent colours show the dierent results from a single SPH calculation with dierent
initial pericenter distances of the passing object th at is on a hyperbolic orbit (in units of 106m).
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Figure 5.15: Same as Figure 5.14 but for Uranus.
Figures 5.16 and 5.17 show the mass that can be incorporated in the rings. As we
described in Section 4.2, more mass can be captured by the planet with decreasing
pericenter distance of the passing body. On the other hand, when the fragment's
pericenter distance decreases more fragments would collide with the planet (see Fig-
ures 5.14 and 5.15). Therefore a smaller ring mass is obtained in some cases as the
pericenter distance of the passing object becomes smaller (Figures 5.16 and 5.17).
In both Saturn and Uranus cases, the ring mass is about 0.1-10% of the initial mass
of the passing object. However, since the density of Uranus is higher than that of
Saturn, an object can penetrate deeper inside the Uranus' Roche limit than Sat-
urn's and may experience more signicant tidal destruction. Therefore, in the case
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of Uranus, the resulting silicate fraction in the ring mass can be much higher than
in the case of Saturn. This argument holds also for Neptune as it is also denser
than Saturn. This could explain the observation that Uranus and Neptune rings are
darker than Saturn's rings as they are likely to have a higher rock fraction (Tiscareno
et al., 2013). The ratio of aeq to the initial pericenter distance of captured fragments
q is aeq=q = (1 + e). Since fragments eccentricities are mostly larger than 0:9 after
the tidal destruction, the ratio is about 2. Therefore, from the results shown in Fig-
ure 5.14 and 5.15, the radial locations of circular rings are expected to be between
120   180  106m (0:86   1:29RRoche) in the case of Saturn and 50   90  106m
(0:71  1:29RRoche) in the case of Uranus, where RRoche is the planet's Roche limit.
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Figure 5.16: Estimated mass that can be incorporated in the rings around Saturn (Mring;tot). Each
dot represents the data obtained from a single SPH calculation. Dierent colours show the silicate
fraction in the estimated ring mass (Mring;sil=Mring;tot). The light blue region corresponds to the
region inside Saturn.
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Figure 5.17: Same gure as Figure 5.16 but case of Uranus.
5.5 Long-term Evolution of the Captured Fragments
In the previous sections, by using SPH simulations, we have shown that during a close
encounter of a passing object with Saturn or Uranus, some fragments are captured.
However, they are still in the form of large clumps (m  1018 19kg in the case of
Mbody = 10
21kg and m  1020 21kg in the case of Mbody = 1023kg) and are on
highly eccentric orbits (e  0:9  0:98). Therefore, it is necessary to investigate their
longer-term evolution and see if they can settle into collection of small circular orbital
particles as seen in current ring systems. In this section, we discuss the long-term
evolutions of captured fragments by using N-body simulations as well as analytical
estimates. As an example, we use the case of SPH data obtained using a passing body
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(Mbody = 10
21kg) on a prograde spin (Tspin = 8h), q = 7:0 107m and vinf = 3km/s
around Saturn.
5.5.1 N-body Methods and Initial Conditions
Using the data obtained from our SPH simulations, we perform N-body simulations
on the longer-term evolution of their successive orbits around the giant planets. Our
N-body code is essentially the same as used in Hyodo et al. (2015) but we now include
the eect of planet's oblate potential up to the factor J4 for Saturn as given by (e.g.
Hadjifotinou, 1999)
J2 = 0:016298; J4 =  0:000915: (5.7)
The equation of motions are
xi =  GM0
8<:xir3i (1  J2i2   J4i4) 
X
j 6=i
mj
xj   xi
r3ij
9=; (5.8)
yi =  GM0
8<: yir3i (1  J2i2   J4i4) 
X
j 6=i
mj
yj   yi
r3ij
9=; (5.9)
zi =  GM0
8<: zir3i (1  J2i2   J4i4 + J2	i2 + J4	i4) 
X
j 6=i
mj
zj   zi
r3ij
9=; (5.10)
where ri = (xi; yi; zi) is the position vector of the i-th particle, and
	i2 =
R2pla
r2i
P 03

zi
ri

; 	i4 =
R4pla
r4i
P 05

zi
ri

(5.11)
i2 = 3
R2pla
r2i
; i4 =
R4pla
r4i
Q4

zi
ri

(5.12)
with
P 03(x) =
15
2
x2   3
2
; P 05(x) =
315
8
x4   105
4
x2 +
15
8
(5.13)
Q4(x) =
35
2
x2   15
2
: (5.14)
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In our N-body model, particles are considered as smooth spheres and collisions
between them are solved by using a hard-sphere model. When two particles collide,
we compute the velocity change using a normal coecient of restitution n = 0:1.
Any particles that hit the planet are removed. Initial fragments are modelled as
hexagonally close-packed spherical aggregates consisting of same-sized particles (ra-
dius  26km) with density  = 1300kg/m3 (Figure 5.18). Here we focus on the initial
dynamical evolutions of particles but do not investigate the long-term attening be-
cause of computer limitations. The total number of particles is N  1000. Initial
positions and velocities of the center of mass of the fragments are the same as those
obtained from SPH simulations with no initial spin (Figure 5.18).
Figure 5.18: Initial state of our N-body simulations by using the data obtained from a single SPH
simulation (Mbody = 1 1021kg, prograde spin with Tspin = 8h, q = 7:0 107m and vinf = 3km/s
ar ound Saturn). The total mass of the initial captured fragments is Mcap = 9:5  1019kg. In the
left panel, yellow points show the initial positions of every particles and Saturn and blue curves
correspond to the par ticles' eccentric orbits. The right panel shows the modelled fragments on
their initial orbits.
5.5.2 Tidal Destruction of Capture Fragments
After running the N-body simulation we nd that aggregates are progressively tidally
destroyed after a few orbits ( few year) because their pericenters are well inside the
planet's Roche limit (see Figures 5.14 and 5.15), and thus form an eccentric ringlet-
like structure with a large eccentricity (e  0:98). As particles have slightly dierent
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semi-major axes (see blue dots in Figure 5.13), when their separation is  frp (f is
a factor of the order of unity and rp is the particle radius) from the closest particles,
neglecting the eect of oblateness potential of the planet, their collision timescale
can be estimated using their synodic period as
col;syn  Tsyn = 2a=

3
2
frp


(5.15)
where a is the semi-major axis and 
 is the orbital frequency. Using a = 5109 m and
rp = 26 km which are similar values in N-body simulation, we get coll;syn  46; 000f 1
years. In the next subsection, we will compare this collision timescale with precession
timescale.
5.5.3 Precession of Captured Particles
The precession rate of the argument of pericenter ! and the longitude of ascending
node 
 due to the J2 term can be described as (Kaula, 1966)
_! =
3n
(1  e2)2

Rpla
a
2 
1  5
4
sin2(i)

J2 (5.16)
_
 =   3n cos(i)
2 (1  e2)2J2 (5.17)
where n is orbital mean motion and i is the inclination from the planet's equatorial
plane. The precession timescale of the argument of pericenter and of the longitude
of ascending node are
!;pre = 2= _! (5.18)

;pre = 2= _
: (5.19)
For Saturn (RSaturn = 6:0 107m) with a = 5 109m, e = 0:98 and i = 10; 45 and
80 degrees, for example, we have !;pre  80; 210 and 380 years, and 
;pre  160; 230
and 930 years, respectively. Therefore,
!;pre; 
;pre  col;syn; (5.20)
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and thus precession dominates on the collisional evolution after initial aggregates are
tidally destroyed.
Thus, neglecting collision, we perform an N-body simulation under the eect of
the J2 and J4 terms assuming the radius of the constituent particles of aggregates
rp = 260km. The initial orbital plane is inclined by 45 degrees with respect to the
planet's equatorial plane. Figure 5.19 shows the longitudes of ascending node (left
panel) and the arguments of perihelion (right panel) at dierent times. At smaller
semi-major axes, they are rapidly randomised. The timescale of the precession is
around hundreds years consistent with the discussion above and eventually the system
will form a torus-like structure.
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Figure 5.19: Left and right panels show the particles' longitudes of ascending node and arguments
of perihelion, respectively. Particles with smaller semi-major axis are more quickly randomised.
Note that in this calculation collisi ons are not considered.
5.5.4 Long-term Collisional Evolution
In this section, we discuss what kind of collision could occur as well as its timescale
after particles form a torus-like structure. At this time, particles are randomly or-
biting in a space. Thus, in the particle-in-a-box approximation, collision timescale
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can be written as
col;ran  1
ncolvrel
(5.21)
where n is the number density of particles, col is the collision cross section and vrel is
the relative velocity. Here, particles have still large eccentricities (e  0:9 0:99) with
randomised arguments of pericenter and longitudes of ascending node. Therefore,
orbital crossing occurs and thus vrel would become
vrel  vKep

e2 + sin(i)2

(5.22)
where vKep is the Keplerian velocity. Since eccentricity e  1 and inclination, for
example, i = 45 degrees, the relative velocity becomes about Keplerian velocity. We
have conrmed such collisions occur by using N-body simulations. The collision cross
section is written as
col = 4r
2
p (5.23)
Here we neglect gravitational focusing term because when particles are closer or
within the Roche limit, gravitational attraction between particles becomes negligible
(Ohtsuki, 1993; Hyodo & Ohtsuki, 2014). The volume number density of particles is
(Appendix) :
n =
NtotP (r)P ( )
2r2
(5.24)
where P (r) and P ( ) are the probability of nding a particle at radial distance r
and an angle  from the equatorial plane of the planet and are written as
P (r) =
r
a
q
a2e2   (a  r)2
(5.25)
and
P ( ) =
j cos( )j

q
sin(i)2   sin( )2
; (5.26)
respectively.
Using vrel  vKep as well as Equations 5.23 and 5.24, we can get the collision
timescale (Figure 5.20). Particles are more prone to collide at closer to the planet
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and collision velocity could be larger than few km/s. Such a high collision velocity
would be destructive enough and could generate smaller fragments as seen in current
ring systems (Arakawa, 1999; Stewart & Leinhardt, 2012) or might vaporise them
(Kraus et al., 2011). However, including such physical eects are beyond our present
work and we will leave them in the future works. Collisional destruction as well as
inelastic bouncing between particles are expected to damp their eccentricities and
inclinations, and thus would eventually form thin equatorial circular rings (see also
Morbidelli et al., 2012) made of ne grains.
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Figure 5.20: Collisional timescale estimated by Equation 5.21 with a = 5:0109m, e = 0:98, i = 45
degrees, rp = 26km and Ntot=1000. The colour indicates the collisional timescale in units of years.
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5.6 Discussions & Conclusions
Origin of rings around planets are still debated. In this work, we investigate the
possibility that a single close encounter of a large dierentiated body may form
rings around giant planets (Figure 5.1). We perform two dierent direct simulations
(SPH simulations and N-body simulations) in order to understand the physics of
tidal disruption of a passing large dierentiated primordial KBOs and long-term
evolution of the resultant captured fragments. At the time of LHB, we assume that
giant planets could suer signicant amount of encounters with primordial KBOs (see
also Charnoz et al., 2009). In the previous works, such a process was investigated
using a simplied analytical formula for the capture eciency of mass around a
planet (Dones, 1991; Charnoz et al., 2009). However, the physical model in these
works only considered ballistic orbits of the constituent particles and neglected the
self-gravity and spin state of the passing body. Small homogeneous undierentiated
bodies may be numerous in the primordial Kuiper Belt and their ux could be large.
But statistically, their total ux would be close to zero total angular momentum,
resulting in no net contribution to the formation of rings. In contrast, the number
of encounters of a larger dierentiated object may be much smaller, and only a
single encounter may strongly deviate from the statistical average ux. Thus, a
single encounter could decide the nal outcome. In addition, captured fragments
are expected to be on very eccentric orbits (Dones, 1991) but no past works have
investigated their long-term evolution.
Using semi-analytical arguments and SPH simulations, we rst investigate the
detailed physical process of tidal disruption of a passing large dierentiated object.
Our semi-analytical model shows signicant eects of the self-gravity on the captured
mass and we nd that Dones' (1991) formula for the capture eciency is not always
consistent with our results. When the object is large enough (Mbody = 10
23kg), the
capture eciency tends to be smaller than the Dones' formula regardless of the spin
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state of the object. In contrast, when the object is smaller (Mbody = 10
21kg), the
capture eciency can be larger and smaller than Dones' formula depending on the
direction of the spin of the object. Such deviation from Dones' formula becomes
larger as the pericenter distance becomes larger. Thus, the captured mass needs to
be reevaluated. We also investigated the eect of an initial spin of the passing body
and nd that destruction becomes more signicant and capture eciency becomes
larger when the body has an initial prograde spin with respect to the direction of the
encounter while the capture eciency becomes smaller when the body has an initial
retrograde spin. SPH simulations show that during a close encounter, tidal forces spin
up the body in the prograde direction. Therefore, a body with an initial prograde
spin is more easily and eciently deformed (smoothly elongated) and destroyed than
a body with an initial retrograde spin. If the body's pericenter is well inside the
planet's Roche limit and above the planet's radius, then the body is disrupted and
about 0.1-10% of its mass is captured and is expected to end-up in a ring-structure.
Recent works have shown that the inner regular satellites of Saturn, Neptune and
Uranus could form by spreading of ancient massive rings (Charnoz et al., 2010; Crida
& Charnoz, 2012; Hyodo et al., 2015) and narrow rings such as Saturn's F ring and
Uranian  ring with their shepherding satellites could be the natural consequence
at the last stage of such ring spreading at the Roche Limit (Hyodo & Ohtsuki,
2015). During a close encounter of aMbody = 10
21kg passing object with Saturn, our
numerical simulations show that enough mass to explain only the current Saturn's
ring ( 1019kg) can be embedded. On the other hand, when the object has the mass
Mbody = 10
23kg, enough mass not only for the current rings but also for the total
mass of its regular satellites (up to and including up Rhea) can be embedded. In
addition, we nd a small fraction of silicate material in the captured mass because
the object's mantle is preferentially disrupted. In the case of Uranus, the captured
mass could explain only the mass of the current rings assuming an encounter with
a body with mass Mbody = 10
21kg body. In contrast, ring mass as well as the mass
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of all satellites up to Oberon ( 1022kg) can be explained by Mbody = 1023kg body.
Furthermore, in the case of Uranus, due to its higher density, the width between the
planet's surface to its Roche limit is larger than the case of Saturn. Thus, a body
can pass deeper potential eld of the planet. As a result, the tidal destruction could
be signicant enough to disrupt not only the body's icy mantle but also its silicate
core, and thus silicate components can be more eciently captured than the case of
Saturn. This would be also applicable to Neptune since it is also denser than Saturn.
Therefore, this could explain the fact that the rings of Uranus and that of Neptune
are darker than that of Saturn (Tiscareno et al., 2013)
Soon after the capture, the fragments are in the form of big chunks (m  1018 19kg
in the case of Mbody = 10
21kg and m  1020 21kg in the case of Mbody = 1023kg) and
they have very large eccentricities (e  0:9   0:98). Therefore, their long-term evo-
lution needs to be investigated to see if the system becomes circular equatorial rings
as currently seen in the ring systems around planets. Thus, using the data obtained
from SPH simulations, we perform N-body simulations of the captured fragments in-
cluding the oblate potential of the planets. Since their pericenter distances are deep
inside the planet's Roche limit, after several Keplerian orbits ( year), the fragments
are further tidally destroyed and form a ringlet-like structure which still has a large
eccentricity on the same plane. However, they would be still large particles (km
to 100km) assuming their physical tensile strength for pure ice at low temperatures
(Hartmann, 1978).
Due to orbital precession, these individual particles form a torus-like structure (
hundreds-to-thousand years). In this conguration, orbital crossing between particles
are enhanced and particles could experience high velocity collisions (up to vcoll  few
km/s). Tidal disruption itself can only form km sized fragments. However, such
high energetic collisions would be catastrophic enough and could grind them down
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to centimetre-to-meter sized particles that is currently seen in Saturn's main rings
or some vaporisation of particles might occur. Eventually, destruction or inelastic
collisions leads to energy dissipation of random velocities and the cloud of debris
would form a thin equatorial ring inside the planet's Roche limit. Note that direct
simulations are still necessary including such destruction and vaporisation in order
to understand more details about the nal state of the ring systems. However, such
complicated physics are beyond the scope of this paper and we will leave them in
future works.
The above scenario may be very consistent with the satellite formation picture
depicted in Charnoz et al. (2011) where an initial massive ring system spreads and
gives birth to satellites at the Roche Limit. The silicate content of Saturn's satellites
may come from big chunks of silicate initially implanted at random in the primordial
ring system. The tidal disruption scenario may naturally form such big chunks of
silicate. These chunks may be also constitute the "silicate shards" of material though
to be embedded in the core of propeller structures observed in rings by Cassini
(Tiscareno et al., 2006; Porco et al., 2007).
Close encounter of a body with planets is a natural consequence of LHB. As also
discussed in Charnoz et al. (2009), tidal disruption of passing objects could form
massive rings around all giant planets. In addition, the massive ancient rings could
evolve into current ring-satellite systems (Charnoz et al., 2010; Crida & Charnoz,
2012; Hyodo et al., 2015; Hyodo & Ohtsuki, 2015). Whereas the tidal destruction
scenario discussed above could explain the ring origin, it might not be the nal word.
There might exist a primordial regular satellite(s). Such primordial satellite might be
much larger than the captured fragment and could be dierentiated as modelled in
Canup (2010). Then, if the primordial satellite orbits close to the Roche limit of the
planet and is destroyed by the high speed impacts with the captured fragments, the
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resultant debris could be another source of rings. In this case, the nal rings would
be prograde rings since the primordial satellite has much larger angular momentum
compared to that of the captured fragments, and then could explain why rings around
giant planets are all prograde directions. However, we need direct simulations in order
to prove this hypothesis.
In conclusion, the tidal disruption of a passing large dierentiated KBOs could
form rings around giant planets and could explain the compositional dierences
between rings of Saturn and that of Uranus (and possibly that of Neptune too).
Whereas this scenario seems promising, it does not solve clearly the question why all
giant planets have rings rotating in the prograde direction. We suggest that it is the
eect of chance due to a very small statistics, however have not identied a specic
mechanism that would imply necessarily a prograde rotating direction. Further in-
vestigations is needed here concerning the net angular momentum ux of big bodies
during the LHB. Therefore, more investigations on these points are required.
5.7 Appendix: Number density of particles
Here, we estimate the probability of particle positions on their orbits around a planet.
The classical Kepler's equation is
M = E   sinE (5.27)
where M is the mean anomaly and E is the eccentric anomaly. The relationship
between the radial distance r from the planet and E can be written as
r = a (1  e cosE) (5.28)
where a and e are semi-major axis and eccentricity of a particle, respectively. Then,
the probability density of a particles to be at the distance r is written as
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P (r) = 2P (E)
dE
dr
= 2P (M)
dM
dE
dE
dr
(5.29)
where P (E) and P (M) are the probabilities of nding a particle at E and M , re-
spectively. Note that the factor 2 comes from the symmetricity of the orbit on E or
M to r. Since P (M) = 1=2, we get
P (r) =
r
a
q
a2e2   (a  r)2
(5.30)
Next, we try to estimate the probability of the vertical direction (z direction which
is perpendicular to the equatorial plane of the planet). We dene an angle of  from
the equatorial plane as
 =  sin 1(z=r) (5.31)
The z position is related to particle orbital elements as
z = r sin(! + 
) sin i (5.32)
where ! is the argument of pericenter and 
 is the longitude of ascending node.
Using the longitude of pericenter $ = !+
, we can write the probability of particle
at the angle  as
P ( ) = 2P (z)
dz
d 
= 2P ($)
d$
dz
dz
d 
(5.33)
where P (z) and P ($) are the probabilities of nding a particle at z and $, respec-
tively, and the factor 2 comes from the symmetricity of the orbit on $ or  on z.
Since P ($) = 1=2, we get
P ( ) =
j cos( )j

q
sin(i)2   sin( )2
: (5.34)
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Chapter 6
Formation of Diverse Ring-satellite
Systems around Centaurs through
Tidal Disruption at Close
Encounters with Giant Planet
6.1 Introduction
Dynamically unstable Centaurs are minor planets that cross or have crossed orbits
with giant planets. The exact denition of the Centaur diers by references. For
example, the denition at the Minor Planet Center - MPC/IAU is that the Centaurs
are celestial bodies with perihelion beyond the orbit of Jupiter and with semi-major
axes smaller than that of Neptune. In contrast, the JPL/NASA denes the Centaurs
as objects with semi-major axes between 5.5 au and 30.1 au. Since the discovery
of the rst Centaur 2060 Chiron (Kowal et al., 1979), a number of Centaurs have
been detected. Horner et al. (2004a) estimated the total number of Centaurs with a
diameter larger than 1km is approximately 44,000. The sources of the Centaurs are
thought to be either the Kuiper belt (Levison & Duncan, 1997), the scattered disk
(Sisto & Brunini, 2007) or the Oort cloud (Brasser et al., 2012), and their dynamical
lifetime is estimated to be  106 years (Bailey & Malhotra, 2009).
Recent occultation observations revealed the existence of narrow ring systems
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around the Centaurs 10199 Chariklo and 2060 Chiron (Braga-Ribas et al., 2014; Or-
tiz et al., 2015; Ruprecht et al., 2015); such ringed objects might be common among
the large Centaurs but rare among Kuiper belt objects. These discoveries prompt us
to ask about their dynamical origin as well as their presence only between Jupiter
and Neptune. Several models for the formation of ring systems around the Centaurs
have been proposed (e.g. Margaret & Yanqin, 2016): (1) Collisional ejection from the
parent body's surface, (2) disruption of primordial satellite, and (3) dusty outgassing.
However, none of them have been studied in detail. In this work, we propose an al-
ternative dynamical process that can form rings around a Centaur via its extremely
close encounters with a giant planet. We perform smoothed particle hydrodynamics
(SPH) simulations and show that partial tidal disruption of a dierentiated Centaur
can form a ring-satellite system around it. In section 2, we briey discuss the en-
counter states of the Centaur and its likelihood of encountering giant planets. In
section 3, our numerical methods are explained. Numerical results are presented in
section 4. Finally, our conclusions and discussions are presented in section 5.
6.2 Encounter States
In this work, we propose that rings around the Centaur could form during a single
extremely close encounter with one of the giant planets. The outcome of the close
encounter depends on pericenter distance and relative velocity at innity between
the giant planet and the passing object (Hyodo et al., 2015b, ; Chapter 5). In the
following subsections, we will briey discuss dynamical parameters for the possible
encounters of a Centaur with giant planets.
6.2.1 Encounter Velocity
Under the gravitational eects of giant planets, the orbits of Centaurs are chaotic and
their orbital elements change during their dynamical lifetime (Tiscareno & Malhotra,
2003; Horner et al., 2004b). Thus, the orbital elements of the Centaur can take on
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a wide range of values on the semi-major axis (a)-eccentricity (e) plane (Figure 6.1
left top panel). Tidal eects on a passing object at a close encounter depend on the
relative velocity at innity and the distance of the closest approach. Assuming that
a giant planet is moving on a circular orbit and a Centaur is orbiting on the same
orbital plane with the giant planet, the encounter velocity becomes
v21 = v
2
r + (v   vK)2 (6.1)
where vr, v and vK are the radial and azimuthal components of the velocity of the
Centaur at the heliocentric distance a0 and Keplerian velocity of the giant planet
whose semi-major axis is a0, respectively. From the conservation of energy and
angular momentum, we have
1
2

v2r + v

  GM
a0
=
GM
2a0
(6.2)
and q
GMa (1  e2) = a0  v (6.3)
where G andM are the gravitational constant and the mass of the Sun, respectively.
Then, the velocity components are derived as a function of the orbital elements as
vr = vK
s
2  a0
a
  a(1  e
2)
a0
(6.4)
and
v = vK
s
a(1  e2)
a0
(6.5)
Figure 6.1 shows the relative velocities of the Centaur at the crossing orbit with
either Saturn, Uranus or Neptune. The velocity depends on the orbital elements as
well as giant planets, and can take on a variety of values between v1 = 0  9km s 1.
6.2.2 Probability of Encounter with Giant Planets
The encounter with giant planets would occur at two hypothetical epochs; (a) during
the initial encounter with Neptune, it scatters a KBO into the Centaur region, and
(b) during the crossing with one of the giant planets after a body is scattered from the
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Kuiper belt to the Centaur region and become a member of the Centaur population.
In order to form rings around the Centaur during a close encounter, the Centaur
at least needs to pass within the planet's Roche limit. Araujo et al. (2016) has
calculated the orbits of Chariklo clones backward and forward in time and show that
they can experience multiple extreme close encounters (within 4  5 planetary radii)
with giant planets during their lifetime. Tiscareno & Malhotra (2003) calculated the
orbits of known Centaurs and found that (4 2)% of the objects impact one of the
giant planets. Here we investigate how a close encounter with a giant planet may
form a debris disk around a Centaur.
6.3 Numerical Methods and Models
Using the smoothed particle hydrodynamics (SPH) method, we perform simulations
of close encounters of a dierentiated body with a giant planet, where the planet is
represented by a point mass. The SPH method is a Lagrangian method (Monaghan,
1992) in which hydrodynamic equations are solved by considering averaged values
of particles through kernel-weighted summation. We ignore the elastic strength,
but include the mutual gravity between constituent particles; such an assumption
is relevant for bodies larger than several hundred kilometers. We use the Tillotson
equation of state (Tillotson, 1962) to calculate the pressure from the internal energy
and density. For the articial viscosity, we use a Von Neumann-Richtmyer-type
viscosity with the standard parameter sets ( = 1:0 and  = 2:0). Our numerical
code is the same as that used in (Hyodo et al., 2015b, ;Chapter 5), which was
developed in Genda et al. (2012, 2015a).
In this work, we assume that the object is dierentiated with either 50wt% or
20wt% of a silicate core covered by a water ice mantle with a total mass of 1020kg.
The object consists of 100,000 SPH particles. Initial positions and velocities of all
the particles that follow a hyperbolic orbit around the planet are given analytically
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with initial distance to the planet being set to 3:0 105 km, which is about twice as
long as the Roche limit of water ice material. This starting point is large enough to
neglect the tidal eect of the planet (Hyodo & Ohtsuki, 2014). The hyperbolic orbit
is entirely determined by the pericenter distance q and the velocity at innity v1. In
this work, we explore dierent values of pericenter distances within the planet's Roche
limit, and the values of the velocity at innity are chosen from the range v1 = 3:0km
s 1 or 6:0km s 1, which are expected for the known Centaurs (see Figure 6.1). We
also investigate the dependence on the initial spin state of the passing objects. The
spin-axis of the body is assumed to be perpendicular to the orbital plane with either
prograde or retrograde spin to the direction of the hyperbolic orbit with the spin
period P = 8h. Such a rotation period is common in the trans-Neptunian belt
(Thirouin et al., 2014). Here, prograde rotation means that the body rotates in the
same direction as its orbit. The critical distance for tidal disruption can be scaled
by the planet's Roche limit (Sridhar & Tremaine, 1992). Thus, the dependence on
the pericenter distance here is shown by scaling with the planet's Roche limit aR for
mantle material, so that our results can also be applicable to other giant planets.
As shown in the next section, part of the material scattered around the object
after the close encounter becomes gravitationally bound around the central body
(the largest remnant produced after the encounter), and these bound particles have
highly eccentric orbits immediately after the encounter. However, collisions between
the particles rapidly damp the eccentricities and inclinations and form a disk of
particles on nearly circular orbits while conserving the angular momentum. Thus,
we calculate the equivalent circular orbital radius aeq = a(1  e2), where a and e are
the post-encounter semi-major axis and eccentricity of a disk particle, respectively.
Then, the total mass of the particles that is gravitationally captured by the central
body and satises aeq > Rbody (Rbody is the radius of the body) can be regarded as
the ring mass. Our numerical simulations are stopped when the disk mass becomes
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almost constant.
6.4 Ring-satellite Formation during Extreme Close Encoun-
ters
During an extreme close encounter with a giant planet, the tidal force signicantly
spins up in a prograde direction and deforms the passing object. When an object
passes too deep inside the potential eld of the giant planet, strong tides homoge-
neously stretch and destroy not only the mantle, but also the core that splits into
several small clumps of similar size without forming a ring around a central remnant
(Hyodo et al., 2015b). However, when objects experience weaker tides at slightly
larger pericenter distance, the core is not fully destroyed and only the icy mantle is
preferentially stripped o from the surface and distributed around the largest rem-
nant, resulting in the formation of a ring that is a mixture of ice and silicate. The
outcomes of this destruction are diverse depending on the initial state (mass, spin)
of the incoming body and the geometry of the encounter (Figure 6.2).
Within our limited calculations with v1 = 3 or 6km s 1, 20wt% or 50wt% sili-
cate core and initial spin period P = 8h in either prograde or retrograde direction,
when the body passes at a distance between 0:4   0:8aR, the outcome is ringed ob-
jects. The resultant ring's mass is 0:1   10% of the mass of the central object and
mostly distributed within the Roche limit (Figure 6.3). Within the range of these
parameters, when the tides are strong enough (inner edge of the parameter range
at each combination of v1, spin period and internal structure), even core material
is incorporated into the ring (Figure 6.2 top panels) in addition to the icy mantle.
In contrast, when the tides are slightly weaker, only the icy mantle is destroyed and
pure icy rings or disks are formed (Figure 6.2 bottom panels). Furthermore, not
only does this form debris rings, but, in some cases, part of the progenitor's mantle
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is also directly split into small icy moons (Figure 6.2 bottom panels). Note that,
these moons usually have highly eccentric orbits around the central object, and thus
investigation on their longer-term evolution is required in order to understand the
successive dynamical evolution of their ring-satellite systems.
As the pericenter distance becomes larger, the outcome is less destructive, gener-
ally forming less massive disks (see black circle or square points in Figure 6.3 right
top panel). However, when moons are directly formed by splitting of the mantle,
larger total mass (disk mass + mass of the moons) orbits around the central object
(see Figure 6.2 bottom panels and the corresponding black triangle q = 0:44 or blue
circle q = 0:63 in Figure 6.3 right top panel). Such direct moon formation might be
the typical outcome in the case of a small core and large pericenter distance. The
outcome also depends on the internal structures, initial spin states and velocity at in-
nity. For a smaller fraction of the silicate core, faster prograde spin or smaller value
of velocity at innity, the encounter becomes more destructive, and thus ring forma-
tion can occur at larger pericenter distances. During the close encounter, the object
is spun up in the prograde direction and as the pericenter distance becomes larger,
the object is less spun-up (Figure 6.3 left bottom panel). The critical spin period
against its self-gravity is Pcrit = 2=
crit where 
crit =
q
4G=3, and Pcrit  3:8h
and 2:2h for water ice ( = 900kg/m3) and silicate ( = 2700kg/m3), respectively.
The resultant spin periods of the largest bodies in our simulations are about 4  6h
(Figure 6.3 bottom left panel). Interestingly, these nal spin periods are rather sim-
ilar to those of Chariklo and Chiron, which are P  7h and 5:5h, respectively.
After their formation, the rings are expected to spread and accrete into moon(s)
outside the Roche limit of the hosting body (Charnoz et al., 2010; Crida & Charnoz,
2012; Hyodo et al., 2015). Then, collisions between formed moons just outside the
Roche limit would result in the formation of a narrow ring and shepherd moons as
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in the case of the formation of Saturn's F ring and its shepherds (Hyodo & Ohtsuki,
2015). Alternatively, moons formed by directly splitting from the progenitor's man-
tle during the encounters might shape the debris rings in a longer-term evolution.
Such successive dynamical evolution may explain the observed narrow ring structures
around Chariklo and Chiron. However, more detailed direct numerical simulations
are required to fully understand the stochastic nature of the ring-satellite system
evolution (see also Hyodo et al., 2015).
6.5 Discussions & Conclusions
The Centaurs are transient objects that cross the orbits of one or several giant planets.
During their short dynamical lifetime ( 106 years), they frequently undergo close
encounters with giant planets. Motivated by recent discoveries of the ringed large
Centaurs, 10199 Chariklo and 2060 Chiron, we performed SPH simulations in order
to investigate possible outcomes of tidal disruption of a dierentiated large Centaur
during an extremely close encounter with a giant planet.
We found that the outcomes of the close encounters depend on the initial spin state
and the internal structure of the passing object. When the passing body has a 20wt%
or 50wt% dense core, an initial spin period P = 8h in either prograde or retrograde
direction and its initial orbit has a pericenter distance of 0:4  0:8aR with v1 = 3 or
6km s 1, our SPH simulations show that the close encounter naturally results in the
formation of debris rings around the largest remnant. In such cases, the icy mantle is
preferentially stripped o during the close encounter and mostly distributed within
the Roche limit of the largest remnant without signicant disruption of the silicate
core. Thus, the resultant ring composition becomes either pure water ice or the
mixture of water ice and a small amount of silicate. In some cases, not only the
formation of the rings but also small moons are formed directly by splitting from the
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mantle or the core. In order to form rings, the tidal force should not be too strong or
too weak. When it is too strong, the objects are homogeneously stretched/destroyed
and form similar sized smaller clumps (Hyodo et al., 2015b). In contrast, when the
tidal force is too weak, the passing body remains intact. The outcome also depends
on the internal structure of the passing body. We nd that the existence of a dense
core helps the formation of the rings. Without the core, the outcome tends to be
splitting into several clumps. However, more detailed investigations are necessary
to fully understand the range of initial orbital parameters as well as the internal
structure of the passing Centaurs that can form ringed remnant objects after the
close encounters. We will leave these questions to our future work.
In our present calculations, we found that the mass of the formed rings is 0:1 10%
of the mass of the largest remnant body and the disk materials are mostly distributed
within the Roche limit of the body. Such rings spread, forming satellite(s) outside
the Roche limit (Ida et al., 1997; Kokubo et al., 2000; Charnoz et al., 2010; Crida
& Charnoz, 2012; Hyodo et al., 2015). Furthermore, collisional disruption between
formed moons just outside the Roche limit would create a narrow ring and shepherd
satellites (Hyodo & Ohtsuki, 2015). Therefore, the currently observed/suggested
narrow ring systems around Chariklo or Chiron might be the outcomes of such dy-
namical evolution after the ring formation by tidal disruption. Alternatively, moons
that would have formed directly by splitting from the icy mantle or cores would
have shaped the remnant rings. Therefore, in addition to rings as revealed by recent
observations for Chariklo and Chiron, our results suggest that a signicant fraction
of Centaurs should have small moon(s) awaiting discovery. Direct simulations of the
longer-term evolution are required to clarify the evolution of the ring-satellite system.
Although the ring-forming close encounters of the Centaurs would have taken place
rather recently because their current orbits cross those of the giant planets, close en-
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counters may have also happened during the period of the Late Heavy Bombardment
(Gomes et al., 2005). During this time of dynamical instability of the giant planets,
numerous planetesimals initially stored in the primordial Kuiper Belt are expected
to experience close encounters with the giant planets before being ejected beyond
Neptune's orbit. Thus, the ring-satellite formation event might have also occurred
during this phase of instability. Future detections of other ringed small bodies would
constrain the timing of such events.
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Figure 6.1: Semi-major axis eccentricity maps. Dots in the top left panel show the objects that are
dened as the Centaurs at JPL/NASA. The purple dots are the Centaurs that are selected using
the denition at the Minor Planet Center - MPC/IAU where pericenter distance is larger than
the semi-major axis of Jupiter and the semi-major axes are smaller than that of Neptune. Black
lines are the pericenter distances that cross the orbit of Jupiter, Saturn, Uranus and Neptune,
respectively. Color contours in the right top and bottom panels are the relative velocities of the
Centaur population that follow the MPC/IAU denition at the time of crossing orbit with a giant
planet calculated by using equation 6.1.
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Figure 6.2: Snapshots of simulations for the dierent initial states and models with v1 = 3km
s 1. Left top panel shows the case of initial no-spin, q=aR = 0:48 with 50wt% silicate core. Right
top panel shows the case of initial prograde spin, q=aR = 0:56 with 50wt% silicate core. Left
bottom panel shows the case of initial retrograde spin, q=aR = 0:44 with 50wt% silicate core. Right
bottom panel shows the case of initial no-spin, q=aR = 0:63 with 20wt% silicate core. Blue and red
colors represent icy and silicate components, respectively. The horizontal black lines are the Roche
diameter of the central objects for the ice material.
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Figure 6.3: Properties of the largest remnant body and the particle disk formed around it by tidal
disruption during a close encounter of a dierentiated body with a giant planet. Horizontal axis
is the pericenter distance of the initial orbit of the passing body scaled by the Roche limit of the
planet for icy material (135,000km in the case of Saturn). Top left and right panels show the mass
of the central largest remnant Mbody scaled by initial mass of the passing body Morg and disk
mass Mdisk scaled by that of the central largest remnant, respectively. Bottom left panel shows
the post-encounter spin period of the central largest remnant and bottom right panel shows the
specic angular momentum of the particle disk scaled by Mdisk
p
GMbodyaR;lr, where aR;lr is the
Roche limit of the central object. Dierent symbols represent dierent initial spin states; circles,
triangles and squares represent cases of no spin, retrograde and prograde spins, respectively. Black
points are those of v1 = 3km s 1 with 50wt% core. Red and blue points are those of 20wt% core
with v1 = 6km s 1 and v1 = 3km s 1, respectively. Note that the radii of giant planets scaled
by their Roche limits for mantle material are 0.43, 0.36 and 0.33 for Saturn, Uranus and Neptune,
respectively.
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Chapter 7
Summary
In our solar system, diversity of ring-satellite systems is seen. However, the origin
and dynamical evolutions of ring-satellite systems are not clear. Our main purpose
of this work is to understand the basic physical processes to produce such diverse
systems in both large scale (ring-satellite system size) and small scale (inside the
ring). Here, we have investigated the unique collisional outcome of aggregates in the
tidal regime where satellites are formed just outside the Roche limit (Chapter 2),
the dynamical evolutions of the planetary rings/disks (Chapter 3) and the origin of
narrow rings and its shepherds around Saturn and Uranus (Chapter 4). In addition,
we have proposed/developed new scenarios to form main rings around giant planets
(Chapter 5) and minor planet Centaur (Chapter 6).
In chapter 2, for the rst time, we, both qualitatively and quantitatively, show
that the collisional outcome in the tidal regime is signicantly dierent from those
in free space. In free space, when aggregates collide each other with the velocity
less than their mutual escape velocity, the outcome is simply accretion. However,
in the tidal regime, even with such low impact velocity, the catastrophic destruction
occurs. This is because the physical size of the colliding objects in the tidal regime is
just slightly smaller than their mutual gravitational sphere of inuence (Hill sphere).
Thus, even in the case of low velocity collisions (less than mutual escape velocity),
when the colliding objects are deformed beyond their mutual Hill sphere as a result of
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collisions, the constituent particles that leak outside Hill sphere successively escape
away from rest of the particles, resulting in catastrophic disruption. We also found
that the collision in the azimuthal direction is the most destructive because the
deformation is the maximum in the radial direction that leads to the maximum
dierent shear motions in the azimuthal direction. Our results suggest that the
collision in the tidal regime is more destructive compared to that in free space, and
thus accretion process from small aggregates to a big object is dierent and unique
compared to free space where the planet formation takes place (Hyodo & Ohtsuki,
2014).
By using N-body simulations, previous works have investigated the evolution of
relatively massive disks (Mdisk=Mc  0:04) for the Moon accretion which is single
satellite system (Ida et al., 1997; Kokubo et al., 2000). On the other hand, using
1-dimensional hydrodynamical simulations, Charnoz et al. (2010); Crida & Charnoz
(2012) have investigated the evolution of much less massive disks (Mdisk=Mc  10 4)
to study the formation of multiple satellites around Saturn. However, even though 1-
dimensional simulation shows interesting results that less massive and larger number
of satellites are formed from less massive disks, since it was not a direct simulation,
the detail physical processes of the disk evolution and satellite formation are unclear.
In addition, the origin of the observed co-orbital satellites remains unsolved. In
this work, using direct N-body simulations and using the largest number of particle
N = 50; 000 among the published papers, we have investigated the evolution of less
massive disks (Mdisk=Mc  0:01). We found that as the initial disk mass decreases,
the timescale of the evolution becomes longer and multiple satellites are formed which
are consistent with the previous works that applied 1-dimensional model. In addition,
we showed that as the disk mass decreases, co-orbital satellites are more easily formed
(Hyodo et al., 2015). This is consistent with the observational facts that the Moon
does not have co-orbital satellite but Saturnian moons do. Our work couldn't go on
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extremely small disk mass such as Mdisk=Mc  10 4 due to the computational costs.
However, our work, for the rst time, show the formation of multiple-satellite systems
(up to two-satellite systems) by using the direct simulations. Thus, our work is the
rst bridge between two extreme cases: the Moon formation and multiple-satellite
formation around giant planets (Hyodo et al., 2015).
Observed rings are not always broad as main rings around giant planets but also
we have narrow rings and shepherding satellites both sides of the narrow rings. As
discussed above, multiple-satellite systems can be formed as a result of spreading
of ancient massive rings (see Chapter 3). Then, the location of narrow rings is just
outside the Roche limit, that is between main rings and outer satellite systems. In
Chapter 4, using N-body simulations, we have investigated the possible outcome
of the collision between satellites that are formed by spreading of rings. Then, we
have assumed the existence of a denser core inside satellite as suggested by Cassini
spacecraft inside Prometheus and Pandora. We found that the outcome of collision
could be a partial destruction, leaving the destructed particles orbit between the
remnant satellites. Therefore, our numerical simulations suggest that Saturn's F
ring and Uranus's  ring with their shepherding satellites are the natural outcome of
collisions between satellites that are formed recently at the edge of the main rings as
a result of the spreading of the main rings (Hyodo & Ohtsuki, 2015).
So far, we have discussed the evolution of main rings and successive formation
of satellites and narrow rings. Thus, we start to wonder, for the rst place, how
and when the main rings are formed around giant planets. In Chapter 5, we have
proposed that the main rings around giant plants can be formed through the tidal
disruption of a passing large dierentiated KBOs. According to an instability phase
called "Nice model", at the time of Late Heavy Bombardment, giant planets could
have experienced a signicant amount of close encounters with bodies scattered from
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the primordial Kuiper Belt. This belt could have been massive in the past and may
have contained a larger number of big objects (>1000 km) than currently observed
in today's Kuiper Belt. Here we investigate, for the rst time, the tidal disruption of
a passing object and the subsequent formation of planetary rings. First, we perform
SPH simulations of the tidal destruction of big dierentiated objects (Mbody = 10
21
and 1023kg) that experience close encounters with Saturn or Uranus. We nd that
about 0:1 10% of the mass of the passing body is gravitationally captured around the
planet. However, these fragments are initially big chunks and have highly eccentric
orbits around the planet (e  0:9  0:98). Therefore, in order to see their long-term
evolution, we perform N-body simulations including the planet's oblateness up to J4
starting with data obtained from the SPH simulations. Our N-body simulations show
that the chunks are tidally destructed during their next several orbits ( year) and
become collections of smaller particles. Their individual orbits then start to precess
incoherently around the planet's equator, which enhances their encounter velocities
on longer-term evolution, resulting in more destructive impacts. These collisions
would damp their eccentricities resulting in a progressive collapse of the debris cloud
into a thin equatorial and low-eccentricity ring. It has been said that the tidal
destruction itself is unable to form centi-meter to meter sized particles. However,
these high energy impacts are expected to be catastrophic enough to produce small
particles. Our numerical results also show that the mass of formed rings are large
enough to explain current rings including inner regular satellites around Saturn and
Uranus. In the case of Uranus, a body can go deeper inside the planet's Roche
limit resulting in a more ecient capture of rocky material compared to Saturn's
case in which only ice is mostly captured. Our results could naturally explain the
compositional dierence between rings of Saturn, Uranus and Neptune (Hyodo et al.
Icarus submitted, Chapter 5).
Not only giant planets but also small body can have rings. Recent observa-
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tions and reinterpretation of the Centaur have revealed the existence of ring systems
around 10199 Chariklo and 2060 Chiron (Barga-Ribas et al. 2014, Ortiz et al. 2015,
Ruprecht et al. 2015). However, the origin of the ring systems around such a minor
planet is still an open question. In chapter 6, we proposed that the tidal disruption
of a dierentiated object that experiences a close encounter with a giant planet could
naturally form diverse ring-satellite systems around the Centaurs. Using SPH simu-
lations, we found that during the close encounter, the icy mantle of the passing object
is preferentially ripped o by the planet's tidal force and the debris is distributed
mostly within the Roche limit of the largest remnant body. Assuming the existence
of 20-50wt% silicate core inside the icy mantle, a disk of particles is formed when
the objects pass within 0.4-0.8 of the planet's Roche limit with the relative velocity
at innity 3-6km/s and 8h initial spin period of the body. The resultant ring mass is
0.1-10% of the central object mass. Such particle disks are expected to spread radi-
ally, and materials spreading beyond the Roche limit would accrete into satellite(s)
(e.g. Hyodo et al. 2015). Our numerical results suggest that ring formation would
be a natural outcome of such extreme close encounters and Centaurs can naturally
have such ring systems because they cross the orbits of the giant planets (Hyodo et
al. ApJL submitted, Chapter 6).
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